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Linearized Model for Wind Turbines in Yaw
1. INTRODUCTION

Wind-powered machines can be classified into two types according
to the orientation of the axis of rotation: horizontal-axis wind
turbines and vertical-axis wind turbines. For a horizontal-axis wind
turbine, the system can be further distinguished as either a downwind
rotor or an upwind rotor system. When the rotor is upwind of the
tower, the system usually has a yaw controller to force the wind
turbine to track the wind mechanically. There is often no need for a
yaw controller in the downwind rotor case. When the rotor is downwind
of the tower, the wind turbine will typically track the wind. Most of
the downwind turbines are free-yaw systems.

Unfortunately, in many free-yaw systems, a yaw instability can
occur: instead of tracking with the wind, the turbine yaws away from
the wind.

Little work has been done on wind turbines in yaw. Most of the
previous work has been on the structural dynamics and control of wind
turbine systems. The cause of the yaw instability has still not been
fully understood.

The technology and methodology used to develop present-day wind
turbines are adapted from the fixed and rotating wing aircraft
technology. Ribner [16] has done an analysis of induction velocity
and side force in terms of the shape of the b]dde when the propeller
is yawing. For wind turbines, Miller [13] looked into the static

stability characteristics of horizontal-axis wind turbines with a



free-yaw system operating only in a low wind condition (i.e., no stall
model). Hirschbein [7] analyzed the dynamics and control of large
horizontal-axis axisymmetric wind turbines in his Ph.D. thesis. He
modeled the blade motion by considering the blades to be composed of
an inboard series of massless, rigid links restrained by linear
springs énd dampers with a much larger, massive blade attached to the
outermost link.

In this dissertation, yaw of wind turbines will be studied by
using a four-degree-of-freedom system to represent the axisymmetric
wind turbine system. The study will focus on the cause of yaw
tracking errors and the characteristics of the yaw static stability.
This will be done by developing the equations of motion of the system
and then studying from the coefficients of the equations. The
equations of motion of the rotor are developed using the Lagrange
method, and the aerodynamic forces and moments are developed using the
quasi-static blade element theory. The aerodynamics of wind turbines
in the stall region is also considered.

The analysis is primarily developed for a three-bladed horizontal
axis wind turbine, but it also can easily be applied to a turbine with
any number of blades greater than three. The contribution of the

nacelle to the rotor system is also examined.



2. ANALYSIS

Development of the Equations of Motion

A four-degree-of-freedom system is chosen to model the
axisymmetric turbine system. The degrees of freedom are blade pitch
deflection, blade flap, nacelle yaw, and rotor speed. These degrees
of freedom are defined as follows: Blade pitch is defined as the
rotation of the blade cross section around the control axis; Blade
flap is defined as the deflection of the blade in the direction
perpendicular to the blade chord; Nacelle yaw angle is defined as the
angle of the nacelle around the yaw axis with respect to the wind; and
Rotor speed variation is defined as the variation of the rotor speed
from the nominal value.

The equations of motions are developed using the Lagrange method.
Since each of the variables is a function of time and radial distance,
the partial derivatives of these variables will be encountered during
the development of the equations of motions.

To avoid dealing with partial differential equations, the assumed
modes method [11] is used in this study. The purpose of this method
is to eliminate the spatial dependence from the dependent variable by
discretizing the spatial variable. Thus each of the system's degrees
of freedom is expressed as the product of the displacement function
(assumed mode shape), which is the function of the spatial coordinate,
and the time-dependent generalized coordinate. By this method, the
equations of motion of the system will be developed in ordinary rather

than partial differential forms.



In order to attack the problem, the kinematics of the rotor are
first developed. Then, the kinetic energy is obtained from the
expression of the kinematics. The potential energy expression is
developed from the strain energy of the rotor system. With
quasi-steady blade element theory, the aefodynamic forces and moments
are developed. Then, the nonconservative forces in Lagrange's
equation are derived from the virtual work of the aerodynamic forces
and moments. Finally, when the Lagrangian functions and
nonconservative forces are substituted back into Lagrange's equation,
a set of nonlinear equations of motion of the rotor system is
obtained.

The rotor extracts energy from the wind, converting it into
mechanical energy. Since the energy is extracted from the airstream,
the velocity of the wake will be decreased. To represent the
reduction of the wind velocity at the rotor and in the wake, the axial
induction factor "a" [20, 22] is introduced. In this study the
nonrotating wake model is used. The local value of the axial
induction facto} can be calculated by equating the windwise force
developed by using momentum theory, and the same force developed by
using blade element theory. The Glauert empirical relationship [4] is
used instead of the momentum theory when the axial induction factor is
greater than 0.38. The tip loss model is used to account for the flow
at the tip of the turbine blade. The development of the axial
induction factor and the tip loss model is presented in Appendix II.

The above steps lead to a set of nonlinear equations. If the

ranges of values of the dependent variables can be retricted, the



system may be well-approximated as linear. In this study, the system
is analyzed in the linear range.

In the process of equation linearization, the variation of the
axial induction factor with yaw, pitch, flap, and rotational speed
will be encountered. Linearized aerodynamic forces and moments are
developed.

Let us define the variation of the induction factor with the
dependent variables as the summation of two terms: 1) the product of
a coefficient and the distance along the yaw axis of the rotor, and 2)
the product of a coefficient and the distance along the rotor pitch

axis.

Q

a _

s r
_—Jn_
o

r COSV + kn T siny
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Here, ¥ is the blade azimuth angle.

The value of the two coefficients, jn and kp, can be calculated by
equating the derivative of yaw or pitch moment developed by the
momentum theorem to the derivative of yaw or pitch moment developed by
the blade element theory.

With the known values of the coefficients, jn and kn, the
variation of the axial induction factor can be determined. The result
shows that the variation of the axial induction factor exists only for
the yaw and yaw rate variables in the uniform flow case.

The linearization of the aerodynamic forces and the variation of

the axial inducation factor are presented in Appendix II.



The linearized rotor equations of motion are expressed in matrix

form

MI{q;} + [C1{gs} + [K1{qy} = {G}

where {q;} is a four-dimensional generalized coordinate column vector
representing the system's degrees of freedom; {G} is a
four-dimensional forcing function column vector; [M], [C], and [K] are
the four dimensional square mass, damping, and stiffness coefficient
matrices, respectively.

For a large wind turbine system, gravity loads are very important
to dynamic and structural analyses. To make the analytical model for
the turbine system applicable regardless of the size of the system,
gravity loads are included in this study. The gravitational force is
added to the system by means of a potential function.

For a downwind system, the rotor is located behind the nacelle
and tower. The effect of the nacelle and tower shadow on the system
was studied.

The nacelle is considered as a slender body. The shape of the
nacelle is assumed to he a cylinder with hemispheres on both ends.

The equation of motion of the nacelle will be developed by using the
Lagrange method. The nacelle will be considered as a rigid body
rotating around its yaw axis when the kinetic and potential energy are
calculated. The nonconservative force on the nacelle is derived from

the virtual work of the nacelle. The forces on the nacelle are



calculated by using slender body theory with forces generated only
from the forebody part of the nacelle.

The tower shadow is modeled as a velocity deficit from the rotor
axial velocity value over a selected region of the rotor disk. The
system's equations of motion are developed with the tower shadow.

Throughout this analysis the wind turbine is modeled with a
three-bladed rotor. The turbine blades are elastic. The hub,
nacelle, and tower are rigid. The nacelle is allowed to yaw freely.
The center of mass of the nacelle and rotor is located over the
central axis of the tower. This axis will be referred to as the
nacelle yaw axis.

The absolute motion of the turbine blade is determined by the
motion of blade deflection relative to the hub, the motion due to
rotor rotation, and the motion of the nacelle and tower. Since in
this analysis no movement of the tower is allowed, the tower is
considered as an inertial reference frame. A series of coordinate
systems is used to describe a point on the blade. A series of
transformation matrices is then used to transform the coordinate
systems that describe motion of a point on the blade in its original
reference frame into the inertial reference frame.

Two computer codes have been written to handle the numerical
computations which yield the coefficients for the equations of motion.
One of them has a simplified 1ift and drag curve in the stall region.
The other was developed later and was necessary because of the need
for a more accurate model for 1ift and drag in the stall region. This

second computer code only emphasizes the yaw equation, since it was



found from the analytical results that there is no coupling between
yaw and the other degrees of freedom. The inputs to the computer code
are the geometry of the rotor, the wind condition, and the operating
conditions. Both computer codes will calculate the axial induction
factor along the blade at a particular tip speed ratio. At the same
time, they also calculate the integral terms for variation of the
axial induction factor with yaw and yaw rate. Finally, the programs
will calculate the coefficients in the equations of motion (mass,
damping, stiffness, and forcing function). Besides the coefficients
of the equations of motion, the codes also calculate the thrust and

power coefficients for the rotor.



3. PHYSICAL CHARACTERISTICS OF TEST CASES

Two test cases are chosen to verify the analysis. The test
cases are the Grumman WS33 and the Enertech 1500. Both of these

machines are three-bladed horizontal axis downwind wind turbines.

Grumman WS33

The Grumman WS33 is a three-bladed, downwind machine designed to
interface directly with an electrical utility network. The machine is
rated at 15 kw at 24 mph and peak power of 18 kw at 35 mph. Utility
compatible electrical power is generated in winds between a cut-in
speed of 9 mph (4.0 m/s) and a cut-out speed of 50 mph (22 m/s) by
using torque characteristics of the unit's induction generator
combined with rotor aerodynamics to maintain essentially constant
speed.

The rotor's diameter is 33.3 feet. The blades are extruded
aluminum alloy with a modified NACA 64,-421 airfoil section. The
blades are adjusted in pitch by a redundant pitch actuator system
controlled by a solid state programmable logic controller, the
Microcomputer Control Unit. The overall weight of the nacelle and
rotor assembly including the blades is 2,589 pounds. The blades
weighed 185 pounds each.

Power is generated by a 240/280 volt, 30,60Hz induction generator
with a 20kw capacity. The generator operates between 1800 and 1835
rpm. The gear box with 25.1 to 1 ratio will cut in at about 72 rpm

with full power being generated at a little above 74 rpm.
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The physical and operating characteristics of the rotor, the
blade, and the nacelle are given in tables 3.1, 3.2, and 3.3,
respectively. The information describing the Grumman WS33 was
obtained from reference 1.

The airfoil 1ift and drag coefficient of the Grumman WS33 are
plotted as functions of Reynolds number and angle of attack in Figure

3.1. These data are obtained from reference 19.

Table 3.1 Physical and operating characteristics of the rotor
of the Grumman WS33.

Rotor diameter 33.25 ft

Blade chord 1.5 ft

Root cut-out 1.625 ft

Airfoil type NACA 64,-421 (modified)
Rotor speed 74.1 rpm

Rotor coning angle 3.5°

Number of blades 3

Table 3.2 Physical and operating characteristics of the blade
of the Grumman WS33.

Blade density 5.2502 slug/ft3
Mass per unit length 0.38655 i1ug/ft
Moment of inertia in flapwise direction 14.46 in 1
Moment of inertia in chordwise direction 238.03 in

Moment of inertia in radial direction 252.4 in%
Modulus of elasticity 10x10 6ps1.
Shear modulus 3.8x10° psi

Table 3.3 Nacelle properties of the Grumman WS33.

Distance of the nacelle yaw axis to blade hub 2.931 ft

Length of the nacelle 9.177 ft
Cross section area of the forebody end 3.713 ft2
Cross section area of the nacelle 6.674 ft

Mass moment of inertia of the nacelle and 2
hub assembly around the yaw axis 556.23 slug-ft
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Enertech 1500

The Enertech 1500 is a downwind system with a three-bladed rotor.
The geometry and material properties of a blade of an Enertech 1500
wind turbine were measured. The blade has linear twist with slight
Tinear taper over the outer 22 percent of the rotor blade and the
blade's thickness is varied from root to tip. For the calculation of
the aerodynamic forces and moments, the blade profile section was
represented by the NACA 4415 airfoil section. The airfoil 1ift and
drag coefficients are plotted as functions of Reynolds number and
angle of attack in Figure 3.2. These data are obtained from reference
9. This rotor is designed to operate at tip speed of 117 fps (170
rpm). The physical characteristics of the rotor are presented in

Table 3.4.

Table 3.4 Physical and operating characteristics of the rotor
of the Enertech 1500.

Rotor diameter 13.12 ft

Blade chord 6.8 in. from root to r/R = 0.6545
linear taper to 6.1 in. at r/R = 1.0

Airfoil type NACA 4415*

RPM 170

Tip speed 117 fps

Number of blades 3

Root cut-out 0.84 ft

Twist 5° from root linear to 1° at blade tip

Precone 0°

*Used as representative airfoil section.

The profile of the blade cross sections were measured at six
stations along the blade. The weight of the blade was measured. By

knowing the weight and the profile of each cross section, properties
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of the blade were calculated. The expressions for the moment of
inertia and mass distribution per unit length of the blade were
written as a function of the distance along the blade. These

expressions are given in tables 3.5 and 3.6.

Table 3.5 The moment inertia of the blade cross section of the
Enertech 1500.

14

r/R Jp (in 4) J3 (in 4)

1 - 0.6545 5.673 exp (-3.313 r/R) 67.3636 exp (-2.0236 r/R)
0.6545 - 0.3648 2.111 exp (-1.802 r/R) 29.44 exp (-0.76 r/R)
0.3648 - 0.2440 2.111 exp (-1.802 r/R) 11.3726 (r/R)~0-6585
0.2440 - 0.1393 4.5679 exp (-4.8604 r/R) 11.3726 (r/R)~0-6585
0.1393 - 0.1280 2.3210 41.924

Here J;'s are the moment of inertias of the blade cross section

at the mass center in x; direction and J; = Jp + J3.

Table 3.6 Mass distribution of the blade of the Enertech 1500.

r/R u (slug/ft)

1 - 0.6545  0.090898 exp (-1.3266 r/R)
0.6545 - 0.3648  0.05847 exp (-0.6447 r/R)
0.3648 - 0.1393  0.081772 (r/R)~0-3695
0.1393 - 0.1280  0.06593

Since the blade is made of wood {orthotropic material), its

material properties depend on the orientation of wood grain. It is

difficult to find the mechanical properties of a nonuniform

orthotropic beam by experiment. Thus, it was decided to treat the



blade as an isotropic material and use the values obtained from the
U.S. Forest Products Laboratory on Sitka Spruce with 10 percent

moisture content. The values are
E, = 1.84 x 100 psi, G p = 1.089 X 10° psi, v = 0.25

For simplicity, the elastic axis was assumed to be a straight
1ine which is parallel to the trailing edge of the blade. The
Tocation of the elastic axis on the blade cross section was chosen
arbitrarily. The location of the axis then is varied to see the

effect on the system.

The nacelle of the Enertech 1500 has a cylindrical shape with a

hemisphere on each end. The properties and geometry of the nacelle

are given in Table 3.7.

Table 3.7 Nacelle properties of the Enertech 1500.
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Distance of the nacelle yaw axis to the blade hub 2.46 ft
Length of the nacelle V 5.896 ft
Radius of the nacelle cross section 0.84 ft
Mass moment inertia of the nacelle around

the yaw axis 14.41 s]ug-ft2

The generator for the Enertech 1500 is a single-phase induction

motor connected to a gearbox having a measured 11.28 to 1 ratio.
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Figure 3.3 The Grumman :WS33 and the Enertech 1500.
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4. RESULTS AND DISCUSSION

The Enertech 1500 and the Grumman WS33 were used as the test
cases. Two computer codes, AERO code and PROP code, were used to
generate the numerical values of the analytical results. The AERO
code uses a simplified 1ift and drag curve to calculate the axial
induction factor and its variation. The AERO code also generates the
coefficients of the equation of motion for a four-degree-of-freedom
system. The revised version of PROP code [21] uses the actual 1ift
curve to calculate the axial induction factor and its variation. The
PROP code also gives more accurate results for the static tip
deflection and the coefficients of the equations of motion in yaw.
More detail regarding these two computer codes is shown in Appendix
VI. It was found that the PROP code is preferred because of the
accuracy of the 1ift and drag models in the stall region.

The yaw response of wind turbines will be examined from the
numerical values of coefficients in the equations of motion generated
from the computer codes. The analytical results of the Grumman WS33
is examined first. The cause of yaw tracking error is obtained from
studying the coefficients in the yaw equation. The tower shadow
effect is included in this analysis. The verification of the analysis
is obtained from the calculated yaw stability of the Grumman WS33 in
the upwind position.

The analytical results for the Enertech 1500 are presented and

discussed in brief.
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Analytical Results for the Grumman WS33

With the numerical values of the coefficients in the equations of
motion, the static pitch angle and the static flapwise deflection are
first examined. Then, the sources of yaw forcing function, which are
wind shear, gravity, blade cyclic force, blade flap, and tower shadow,
are investigated.

Static Pitch Angle

The equilibrium pitch angle can be obtained from the pitch
stiffness coefficient and the pitch forcing function. The equilibrium
pitch angles that differed from the assumed zero value for different
tip speed ratios are given in Table 4.1. These angles are so small

that they have negligible effect on the system.

Table 4.1 Static tip pitch angles at B = 4°.
X pst (degree)

0.0279
0.0176
0.0136
0.0102
0.0073
0.0051
0.0034

WO~ N PWN

Static Flapwise Deflection

The flapwise deflection (coning due to blade load) is examined.
The static tip deflections for the Grumman machine from the AERO code

and PROP code are given in Table 4.2.
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Table 4.2 Static tip deflections at g= 4°.

AERO PROP
X ds (ft) ds (ft)
2 0.02457 0.02543
3 0.00645 0.00807
4 -0.00161 0.00206
5 -0.01009 -0.01039
6 -0.01718 -0.01724
7 -0.02238 -0.02265
8 -0.02617 -0.02673

The difference between the values obtained from the AERO and PROP
codes is small except at the tip speed ratio 3 and 4. Those are the
conditions under which most of the blade is operating in the stall
region, and the AERO code does not have an accurate model in the stall
region.

The results in Table 4.2 show that the blades exhibit a negative
coning effect under Tow wind. The blade tips are deflected upwind
because the centrifugal deflection overcomes the aerodynamic
deflection.

Coefficients of the Equation of Motion in Yaw

For a uniform wind condition, there is no coupling between the
yaw angle and the other three variables explicitly on the equations of
motion.

For the nacelle, the equation of motion is in the form of
undamped second order system in yaw. The stiffness coefficient of the
nacelle is not dependent on the tip speed ratio. The development of

the nacelle is given in Appendix III.



20

Because of the linearity of the system, the nacelle's equation of
motion can be added directly to the rotor equation of motion in yaw.
The nacelle destablized the system in yaw. The coefficients for the

equation of motion in yaw from both computer codes are given in tables

4.3, 4.4, 4.5, and 4.6.

Table 4.3 Coefficients of the equation of motion in yaw from

AERO code.
X M4 Cas kas M44, kaa,
2 0.0991  0.0415  0.01172  0.02531  -0.0028564
3 0.2224  0.0680  0.00245  0.05694  -0.0028564
4 0.3947  0.1850  0.01957  0.10123  -0.0028564
5 0.6159  0.3397  0.03685  0.15817  -0.0028564
6 0.8858  0.4522  0.04331  0.22776  -0.0028564
7 1.2046  0.5557  0.04654  0.31001  -0.0028564
8 1.5724  0.6646  0.04886  0.40492  -0.0028564

*n refers to the nacelle

Table 4.4 Coefficients of the equation of motion in yaw for the
combined rotor and nacelle system from AERO code.

X m

a4, Caa, K,
2 0.12441 0.0415 0.008864
3 0.27934 0.0680 ~0.000406
4 0.49593 0.1850 0.016713
5 0.77407 0.3397 0.033994
6 1.11356 0.4522 0.040475
7 1.51461 0.5557 0.043684
8 1.97732 0.6646 0.046004




21

Table 4.5 Coefficients of the equation of motion in yaw from

PROP code.
X m
44 Caq kgq Mg, kag_

2 0.0952 0.0432 0.01548 0.02531 -0.0028564
3 0.2136 0.0728 0.00509 0.05694 -0.0028564
4 0.3791 0.1674 0.01943 0.10123 -0.0028564
5 0.5916 0.2961 0.03230 0.15817 -0.0028564
6 0.8509 0.4197 0.03929 0.22776 -0.0028564
7 1.1573 0.5258 0.04308 0.31001 -0.0028564
8 1.5106 0.6292 0.04554 0.40492 -0.0028564

Table 4.6 Coefficients of the equation of motion in yaw for the
combined rotor and nacelle system from PROP code.

X a4 ¢ Cag 1 Kag 1

2 0.12051 0.0432 0.012624
3 0.27054 0.0728 0.002234
4 0.48033 0.1674 0.016574
5 0.74977 0.2961 0.029444
6 1.07866 0.4197 0.036434
7 1.46731 0.5258 0.040224
8 1.91552 0.6292 0.042684

There is some doubt in the accuracy of the stiffness coefficient
for the Grumman WS33's nacelle. The analytical model of the nacelle
in this analysis is based on slender body theory. Unfortunately, the
shape of the Grumman WS33's nacelle and most other wind turbines'
nacelles are not slender. There are some correction factors suggested
to use with the slender body theory by reference 2 and 8 for a
noncircular body and a fineness ratio effect. However, the
experimental results for a fineness ratio effect on the aerodynamic
characteristics of bodies of revolution in reference 6 does not agree

with the correction factors given in references 2 and 8. There is no
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accurate model for the noncircular body with blunt nose. More work is
needed in order to obtain an accurate model.

The values in tables 4.3 and 4.5 are given without the correction
factors. These correction factors, given in Appendix III, are always
less than one. Therefore, the values in tables 4.3 and 4.5 are the
most destablizing condition for the nacelle effect based on the
slender body theory. According to the PROP code, the system is stable
for all of the tip speeds considered. However, a negative stiffness
coefficient is encountered for the AERO code's result at the tip speed
ratio equal to 3.

The expression for the stiffness coefficient consists of the
derivative of the aerodynamic¢ force and its moment arm. The
derivative of the aerodynamic force is dependent on the slope of the
1ift and drag curve versus the angle of attack. Therefore, an
accurate model of the 1ift and drag curve is needed to obtain an
accurate result. Thus, the PROP code is preferred to the AERO code,
which uses the simplified 1ift and drag curve in the stall region.

Yaw Forcing Function

Possible candidates for a yaw forcing function are wind shear,
blade pitch, blade flap, and tower shadow. The in-plane yaw force on
the rotor is related nonlinearly to the wind speed; therefore, the
difference in the axial velocity on the rotor due to wind shear would
result in a yaw moment created by the net in-plane yaw force.

However, there was no wind shear in the test data obtained from the
Rocky Flat Research Energy Center for the Enertech 1500 or the Grumman
WS33. |
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Gravity and blade cyclic pitch.

The gravitational force is added to the system equations of
motion by means of a potential function. The analysis shows that
there is no effect of gravity appearing in the yaw equation.
Therefore, the gravity is not a source for the yaw forcing function.

The gravity effect also appears as a cyclic moment in the pitch
equation for a single-bladed rotor. However, this moment cancels out
for an axisymmetric three-bladed rotor.

The effect of the blade cyclic force on the cyclic pitch angle is
also examined by considering the gravitational force on a single
blade. The cyclic moment due to gravity appears in the stiffness
coefficient and forcing function in pitch. These cyclic moment terms

are given in the following forms:
(Cg cos¥ + Dg siny)q; = (Eg cosy + Fg siny)

The coefficients Cg, Dg, Eg, and Fg are given in Table 4.7. The
stiffness coefficient and forcing function also are given in
Table 4.7.

Table 4.7 Coefficients for harmonic terms (Cg, Dg, Eg, Fg),

stiffness coefficient, and forcing function of a
single-blade equation of motion in pitch.

X ki Go1 Cgx105  Dgx10°2  Egx10°  Fgx10®
2 80.998  .03957  -.2367 .6308  -.1647  -.6246
3 182.286  .05604  -.5326  1.4193  -.3362  -1.4053
4  323.631 .07679  -.9468  2.5232  -.5705  -2.4984
5  504.815  .08998  -1.4794  3.9425  -.8468  -3.9037
6  726.471  .09291  -2.1303  5.6771  -1.1657  -5.6213
7 988.547  .08795  -2.8996  7.7272  -1.5330  -7.6512
8 1291.04  .07691  -3.7872  10.0927  -1.9513  -9.9933
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For the static condition, the cyclic pitch angle is given as the

following form:

qls = Go1/3 + (Eg cosV + Eg sinVy)
ky1/3 + (Cg cos¥ + Dg sinV¥ )

It can be seen from the magnitude of the coefficients given in
Table 4.7 that the blade cyclic force has a negligible effect on the
static pitch angle.

Blade flap.

The flapwise displacement appears implicitly and explicitly in
most of the coefficient terms. The flapwise deflection definitely
affects the yaw behavior, but it is not a source of the yaw forcing
function. The effect of blade flap will be discussed in a later
section.

Tower shadow.

The tower shadow is modeled as a velocity deficit from the axial
velocity over a sector of the rotor disk, centered about the tower
centerline. The development for the equations of motion with the
tower shadow is given in Appendix III.

Because of the difference of the axial velocity on the rotor
inside and outside of the tower shadow region (i.e., when the blade is
in the 6 o'clock position and the 12 o'clock position), there will be
different values of aerodynamic forces. The difference of the

in-plane force (force that is tangential to the rotor plane) in the
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tower shadow produces a net yaw moment around yaw axis, creating a
static yaw angle. This yaw moment turns out to be the yaw forcing
function that is needed.

Consider the yaw moment inside the tower shadow. The expression

of this yaw moment can be simplified as follows:

R R R
My=( 5 Fy G+ Lsinp)dr. e s oy, ¥o 4y B 5 54 2
RH R R R R

R RH RH R R 2 2(1)

Here Fy is the in-plane force, & is the distance from the rotor to the
yaw axis, p is the coning ahg1e, No and H, are the forces normal and
tangent to the blade chord, e1 is the distance from the shear’center
to the blade 1/4 chord, and Wy is the static flapwise deflection. The
full expression of this yaw moment is given in Appendix IV.

The first term in the equation (1) primarily depends on the
in-plane force. This in-plane force is directly related to the power
output. Therefore, the power output response would be similar to the
in-plane force.

The third term is the yaw moment due to the tangential force and
flapwise deflection acting in the same direction as the moment in the
first term.

The second term is the yaw moment due to the normal force and the
offset distance of the shear center (e;). This yaw moment acts in the

opposite direction of the other two terms in the equation (1).
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Figure 4.1 Variations of yaw moment per shadow width for selected
locations of blade shear center, the Grumman WS33.
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Figure 4.2 Variations of yaw moment per shadow width based on RPM
for selected locations of blade shear center, the
Grumman WS33.
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The yaw forcing function due to tower shadow is obtained by
subtracting the yaw moment created inside the tower shadow from the
one created outside the tower shadow (i.e., 6 o'clock position and 12
o'clock position).

The yaw moment created by forces inside the tower shadow is shown
in Figure 4.1. The effect of the shear center position on the yaw
moment is that if the shear center is behind the 1/4 blade chord
position, the yaw moment is decreased by the effect of this positive
6ffset distance. Vice versa, the yaw moment will be increased if the
shear center is ahead of the 1/4 blade chord.

For the purpose of illustration, the yaw moment normalized by

RPM is considered. The yaw forcing function is given by

G04 = CMql - CMqZ (2)
Here, CMql = -Myl/xlz

Subscript 1 refers to the condition at the rotor outside the tower
shadow in the opposite direction of the tower shadow region.
Subscript 2 refers to the condition inside the tower shadow.

The plot of Cyq versus the advance ratio (Vo/Ra) for different
shear center positions are shown in Figure 4.2.

The yaw forcing is dependent upon: 1) the width of the tower
shadow; 2) the velocity deficit in the tower shadow; 3) the shear

center position; and 4) the power output of the rotor.



29

For zero offset distance, if the power increases continuously
with wind speed, the in-plane force also is expected to increase
continuously with wind speed. For such a situation the net yaw force
produced by the tower shadow would always have the same sign since the
wind speed in the tower shadow is less than in the free stream, then
the in-place force in the tower shadow would be less than the in-plane
force in the free stream. If the power peaked and then decreased with
the wind speed, then the yaw force would change sign as the velocity
increased. This effect has been observed on the Enertech 1500 and the
Grumman WS33. As the peak power is achieved, the rotor yaw changes
sign.

The yaw forcing function due to towér shadow with 40° shadow
width, 50% velocity deficit, and 80% velocity deficit is shown in
Figure 4.3.

Yaw Tracking Error

A yaw tracking error is defined as an angle which the rotor yaws
away from the wind in a static condition. The static yaw angle of a
downwind turbine is obtained by dividing the yaw fdrcing function with
the stiffness coefficient of the rotor and nacelle. The yaw angles
for the Grumman WS33 with a 40° shadow width and a 50% velocity
deficit are given in Table 4.8. The predicted static yaw angle must
be small according to the Tinear analysis. Therefore, any large
predicted static yaw angle would indicate that the result is not
accurate. This is shown in Table 4.8 at tip speed ratio equal to 3

and 4.
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Figure 4.3 Variations of yaw forcing function based on RPM for
selected values of velocity deficit, the Grumman WS33.
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4

Table 4.8 Yaw tracking error for the Grumman WS33 with B = 4°,
e1/C = 0.25, 40 ° shadow width, and 50% velocity
deficit.

X v (degree)

1.72
5.13
-21.76
-9.57
-6.47
-4.79
-3.42
-2.23

ONOTOT P W

It can be seen that for this analysis the yaw angles depend on many
variables. These variables are tower shadow width, velocity deficit,
nacelle stiffness coefficient, the position of the shear center, and
the power output of the rotor. With many uncertainties in these
variables, especially the stiffness coefficient of the nacelle, there
is no exact solution for the yaw tracking error. Thus, the values
given in Table 4.8 are for the pre]iminary'study of the yaw behavior
of the system rather than the prediction of the magnitude of yaw
tracking error.

Verification of the Analysis With the Test Data

The test data from the Rocky Flats Research Energy Center
indicates that the Grumman WS33 has a yaw instability near start-up.
The machine will rotate about the yaw axis from a downwind position to
an upwind position. Although the analysis indicated that the Grumman
WS33 in a downwind position is stable in yaw, it is possible that with
a more accurate model of the nacelle, the system could be unstable in

yaw near start-up. Thus, the focus of the analysis is directed to the
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yaw stability of a reverse turbine (a downwind turbine rotating to an
upwind position). If the analytical result indicates that there is a
region of stability for the reverse turbine, this result would verify
the analysis.

Reverse turbine.

When a downwind turbine is rotating to the upwind position, the
upper surface of the blade cross section will be facing the wind
instead of the Tower surface of the blade cross section. This
reflection of the blade cross section will result in a negative angle
of attack and pitch angle. The geometry of a reverse turbine blade
and a conventional one are shown in Figure 4.4.

The shape of the hub (nose cone) of the Grumman WS33 is a
hemisphere of 4.875 in. radius. The hub is considered as the forebody
part of the nacelle for the turbine in an upwind condition.

The coefficients of the equation of motion in yaw for the reverse

turbine including the hub effect are given in Table 4.9.

Table 4.9 Coefficients of the equation of motion in yaw for the
reverse turbine, static tip deflection, and power
coefficient.

X m44T C44 k44T ds (ft) Cp

.04297 -0.007142 0.1092 -0.02089
.06995 ~0.007207 0.08747 -0.04108
. 10257 -0.000208 0.08034  -0.00645
.15582 0.002958 0.07593 0.08966
. 24023 ~0.008378 0.07193 0.1734

.33522 -0.019993 0.06809 0.18492
.44306 -0.025429 0.06458 0.12155

.11853
.26739
.47577
. 74379
.07157

.45922
.90672
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(a) conventional position (b) reverse position

Figure 4.4 Velocity diagrams for a turbine blade section in a conventional position and in
a reverse position.
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As shown in Table 4.9, the system is unstable in yaw because of
the negative yaw stiffness coefficient, except at the tip speed ratio
equal to 5. This result indicates that for a certain operating
condition if the Grumman WS33 rotates to an upwind position, it could
operate as a stable upwind turbine. This yaw stability verifies the
analysis.

The static flapwise tip deflections for the reverse turbine also
are given in Table 4.9. When a downwind turbine with a coning angle
(coning away from the wind) rotates to an upwind position, the blade
will be coning to the wind. This negative coning yields a positive
flapwise deflection (deflect in the wind direction) because the
bending moments created by the aerodynamic forcé and the centrifugal
force are in the same direction.

Yaw Stiffness Coefficient

The numerical value of the yaw stiffness coefficient for a small.

blade element is obtained and its distribution along the blade is

~examined to see what causes the destablizing effect. " The yaw

stiffness coefficient is the linearized variation of the yaw moment
from its nominal value with respect to the yaw angle. This linearized
variation of the yaw moment can be expressed as the product of the
derivative of the aerodynamic force and its moment arm around the
nacelle's yaw axis. Therefore, the stiffness coefficient is primarily
dependent on the derivative of the aerodynamic force instead of the
force itself.

The behavior of the aerodynamic force in the coordinates of the
airfoil, porma1 and tangential to the blade chord, is observed. Let

C, and Cy be the force coefficients expressed in the normal and the
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tangential directions to the blade chord. Figures 4.5 and 4.6 show
the plots of C, and Cy versus the angle of attack a for the Grumman
blade section in a conventional position (downwind turbine) and in a
reverse position (reverse turbine). Note should be made that for the
reverse turbine, although the blade is operating with a negative angle
of attack, the sign convention of the analysis makes the aerodynamic
forces on the blade result in a positive value.

Figures 4.7 and 4.8 show the distribution of the yaw stiffness
coefficient along the blade at different tip speed ratios.for the
Grumman turbine in a downwind position. The destablizing effect (a
negative value) of the yaw stiffness coefficient appears in figures
4.7 and 4.8 as a reverse hump curve starting at the blade tip at the
tip speed ratio equal to 2 and moving in board as the tip speed ratio
is increased. The further the reverse hump curve moves in board, the
smaller the magnitude of the hump curve becomes. This hump curve
starts at the portion of the blade which is experiencing a 14° angle
of attack and stops at the portion of the blade which is experiencing
an angle of attack greater than 21°. These two angles are the angles
which the slope of the tangential force for a Grumman rotor blade
changes sign.

For the Grumman turbine with a reverse position (staying ﬁpwind),
the distribution of the yaw stiffness coefficient is shown in figures
4.9 and 4.10. It can be seen that the shape of the distribution of
the yaw stiffness for a reverse turbine has the overall shape similar
to the shape of the distribution of the yaw stiffness coefficient for
a downwind turbine except it is upside down. The destabilizing effect

becomes the stabilizing effect. Now the hump curves in figures 4.9



Figure 4.5

Force coefficients for the NACA 644—421 airfoil section
in the airfoil's coordinates.
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Figure 4.6 Force coefficients for the reverse NACA 644-421 airfoil
section in the airfoil's coordinates.
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and 4.10 represent the stabilizing effect and this curve also is
governed by the slope of the tangential force in Figure 4.6.

It would be difficult to analyze the yaw stiffness coefficient
explicitly from its lengthy expression (see expression of kgq in
Appendix IV). The purpose of this section is to analyze the yaw
stiffness coefficient in more detail. To accomplish this task, a
simple model of the rotor geometry is chosen and studied. The
expression of the yaw stiffness coefficient can be expressed into
three_terms according to the sine of the coning angle: 1) terms with
zero order of the sine of the coning angle; 2) terms with first order
of the sine of the coning angle; and 3) terms with second order of the

sine of the coning angle. They are
k44 = k440 + k441 sinp + k442 sinzp (3)

The expression of k440’, k441, and k442 are given in Appendix V.

The expression of the stiffness coefficient is then simplified by
assuming 1) the coning angle is zero; 2) the variation of the axial
induction factor with yaw and yaw rate is zero; and 3) the shear
center is at the 1/4 blade chord position (i.e., e; = 0). From this
simple model, the stiffness coefficient can be expressed into two
components: the component of the linear equation of the yaw moment
due to an in-plane force (force in the rotor plane) and the one due to
an out-of-plane force (force normal to the rotor plane). These two

terms can be expressed as
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where Gf is the derivative of the in-plane force and Fp is the
derivative of the out-of-plane force. The expressions for the Gy and
Fp are given in Appendix V.

From equation (4), it can be seen that the stiffness coefficient
is dependent on the derivative of the in-plane and the derivative of
the out-of-plane force with respect to the angle of attack.
Furthermore, the sign of the distance from the yaw axis to the rotor,
L, is a factor which controls the in-plane force term to be either the
Ztablizing term or destabilizing term.

Figures 4.11 and 4.12 show the plots of the in-plane and the
out-of-plane force coefficient versus the angle of attack for the
Grumman turbine blade in a downwind position and in an upwind
position.

The distribution of the first term and second term in equation
(4) along the blade is superimposed on each other for a reverse
turbine in Figure 4.13.

The effect of the flapwise deflection on the stiffness
coefficient is investigated from Figure 4.13. Since this expression
of the derivative of the out-of-plane force Fp consists of the sine of
the local slope of flapwise deflection, the flapwise deflection is
therefore essential for the out-of-plane force contribution to the

stiffness coefficient. According to Figure 4.13, it can be seen that
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Figure 4.11 Force coefficients for the Grumman WS33's blade section
in the rotor's coordinates versus angle of attack.
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Figuré 4.12 Force coefficients for the Grumman WS33's blade section,
in a reverse position, in the rotor's coordinates versus
angle of attack.
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though the magnitude of the flapwise deflection is small, the
magnitude of the out-of-plane force term is almost the same order of
the in-plane force term. Thus, the effect of the flapwise deflection
on the stiffness coefficient is that it adds the contribution of the
out-of-plane force to the stiffness coefficient.

The effect of the coning angle on the yaw stability can be
investigated from the expression of the stiffness coefficient in
equation (3). For small coning angle, the numerical value of the
third term (term involved with square of sine of the coning angle) in
equation (3) is negligible and k441 turns out to be a positive
definite number. Therefore, the sign of the coning angle is the
indication whether k441 sin p will act as a stabilizing term or a
destabilizing term.

In conclusion, the yaw stability of the system can be improved by
adding a positive coning angle to the system. The numerical values of
the yaw stiffness coefficient for different values of tip speed ratio
are given in the sensitivity study section.

Sensitivity Study

The yaw stability of the wind turbine system in this analysis is
primarily determined by the sign and magnitude of the yaw stiffness
coefficient of the rotor and the nacelle. Thus, the sensitivity of
the yaw stiffness coefficient to the selected input parameters is
studied.

In the previous sections, the coefficients for the equation of

motion are given by
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k = Stiffness coefficient
m 1/2 0, V, 2R3

However, the turbine is operating at a constant rotor speed in
the test condition. Therefore, for the purpose of comparison, the
coefficents normalized by RPM and the advance ratio are used.

The coefficient based on RPM is related to the coefficient

normalized by the dynamic pressure by

K. = Stiffness coefficient - knn
n 2n3 2
1/20.(R Q)4R X

The advance ratio is seen to be the reciprocal of the tip speed
ratio.

Because of the linearized system, the stiffness coefficient of the
rotor and the nacelle can be separately studied.

Rotor stiffness coefficient.

The sensitivity of the rotor stiffness coefficient in yaw
normalized by RPM to the selected input parameters for the Grumman
WS33 is examined.

Torsional stiffness. The effect of the blade's torsional

stiffness (blade's shear modulus G) on the yaw stiffness coefficient
is examined. The only effect of the blade's torsional stiffness

appears in the pitch equation (of the four-degree-of-freedom system).
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Unless the static pitch deflection is significantly different from the
zero value, there will not be any effect on the yaw equation.

Pitch angle. Figure 4.14 shows the plots of the yaw stiffness
coefficient versus the advance ratio for different values of pitch
angle. First, let us consider the curve of the yaw stiffness
coefficient for pitch angle equal to 4 as the typical case. The
stiffness coefficient increases as the wind velocity is increasing to
a certain value. Then the stiffness coefficient starts to decrease
when the wind velocity is further increased because the destabilizing
effect due to the negative slope of in-place force is starting to
dominate (i.e., the blade is experiencing the angle of attack from 14°
to 20° near the tip). When the wind velocity is further increased,
the stiffness coefficient then starts to increase again because the
stabilizing effect due to the stall region (a positive slope of
in-plane force versus angle of attack) dominates the destablizing
effect. Finally, when the whole blade is stalled, the stiffness
coefficient is controlled by the stabilizing term due to a positive
slope of the forces (in-plane force and out-of-plane force) versus
angle of attack. This results in a large magnitude of the stiffness
coefficient in high wind.

With the understanding of the nature of the stiffness coefficient
related to the wind velocity, the effect of the pitch angle on the
stiffness coefficient is investigated. Increasing pitch angle lowers
the angle of attack. Thus, increasing the pitch angle delays the
destabilizing effect in the stiffness coefficient at the same wind

condition. For B = 6° and 10°, the stiffness coefficient is increased
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Figure 4.14 Effect of pitch angle on yaw stiffness coefficient
for the Grumman WS33.
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at a Tow wind condition and decreased at a high wind condition. For
the negative pitch angle, the opposite is true. That is, the curve is
shifted to the left-hand side. The stiffness coefficient is decreased
at the advance ratio 0.175 to 0.25 and then increased again. The
blade experiences the destabilizing effect at lower wind than the one
with a positive pitch angle.

Modulus of elasticity and flapwise deflection. The flapwise

deflection depends on the blade stiffness (modulus of elasticity E),
the centrifugal force, and the aerodynamic load. The static tip
flapwise deflections for the Grumman machine with E = 10x106 psi and
E = 20x106 psi are given in Figure 4.15. The stiffer blade has a
smaller deflection.

According to Figure 4.16, the stiffer blade causeé the stiffness
coefficient in yaw to increase except at the advance ratio equal to
0.5. However, under the values of blade stiffness considered, the
increasing of this stiffness coefficient in yaw is negligibly small.

Although the stiffness coefficient in yaw is less sensitive to
the changes of flapwise deflection, the flapwise deflection itself is
an essential part of the stiffness coefficient for the contribution of
the out-of-plane force.

Speed. The effect of a change in rotor speed on the yaw
stiffness coefficient is considered. Figure 4.17 shows the curves of
the yaw stiffness coefficient for rotor speeds of 60, 74, and 90 rpm.
Increasing the rotor speed slightly increases the nondimensional yaw
stiffness coefficient at a high wind condition but slightly decreases

the nondimensional yaw stiffness coefficient at a low wind condition.
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Figure 4.15 Effect of modulus of elasticity on static flapwise tip
deflection for the Grumman WS33.
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Figure 4.16 Effect of modulus of elasticity on yaw stiffness
coefficient for the Grumman WS33.
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Figure 4.17 Effect of rotor speed on yaw stiffness coefficient
for the Grumman WS33.
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Note should be made that the different curves of the nondimension-
alized yaw stiffness coefficient are based on the different rotor
speeds. In order to compare the net difference in the yaw stiffness
coefficient due to change in rotor speed, the nondimensional yaw
stiffness coefficients in Figure 4.17 are corrected so that they are
based on the same rotor speed, 74 rpm. These conditions are shown in
Figure 4.18. The relative values of these yaw stiffness coefficients
are large.

Shear center position. The stiffness coefficient in yaw with

shear center positions at 10%, 25%, 50%, and 75% of the blade chord,
measured from the Teading edge of the turbine blade, are shown in
Figure 4.19. The stiffness coefficient is increased by moving the
shear center closer to the trailing edge. This effect is significant

at a higher wind condition.

Distance from the rotor to the nacelle yaw axis. The distance

from the rotor to the nacelle yaw axis is varied to see its effect on
the stiffness coefficient in yaw. Figure 4.20 shows the curves of the
stiffness coefficient versus-the advance ratio for 2/R = 0.1, 0.176,
0.25, and 0.5. The effect of this parameter is small at a low wind
condition and rather significant at a high wind condition. For the
advance ratio less than 0.16, the stiffness coefficient is increased
when /R is increased. For the advance ratio greater than 0.16, the
effect is reversed: increasing %/R decreases the stiffness
coefficient.

Coning angle. From the previous section, it was found that the

coning angle is one of the important parameters in determining the
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Figure 4.18 Effect of rotor speed on yaw stiffness coefficient
based on the same RPM for the Grumman WS33.
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shear center on yaw stiffness coefficient for the
Grumman WS33.
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yaw behavior. The positive coning angle adds the stablizing effect to
the stiffness coefficient in yaw. The vice versa is true: the
negative coning angle causes the destabilizing effect to the system.
This coning angle effect is illustrated in Figure 4.21.

Figure 4,21 shows the system is unstable for a negative coning
angle (p = -3,5°), partially stable for a zero coning angle, and
stable for a positive coning angle (p = 3.5°, 10°).

Stiffness coefficient of the nacelle.

The nacelle plays an important role in the yaw stability of the
system because of its largest negative value in the stiffness
coefficient. So, reducing the negative value of its stiffness
coefficient would mean improving the yaw stability.

The effect of the distance from the rbtor to the nacelle yaw axis
on the stiffness coefficient of the nacelle is examined.

The stiffness coefficients of the nacelle with different values
of the distance from the rotor to the nacelle yaw axis are given in
Figure 4.22. Increasing %/R decreases the yaw stiffness coefficient
of the nacelle. So, the yaw stability can be improved by increasing
the distance from the rotor to nacelle yaw axis. However, for a given
nacelle, the distance from the yaw axis to the rotor is limited by the
space necessary to install the generator unit. In addition, the
effect of the %/R on the nacelle will be dominated by the rotor for
the combined system (rotor and nacelle), especially for a high wind
condition (low tip speed ratio). These effects are shown in

Figure 4.23 for the stiffness coefficient for the rotor and nacelle.
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Analytical Results for the Enertech 1500

The Enertech 1500 was used as a test case in this section. The
Enertech 1500 and the Grumman WS33 are basically the same, according
to the type of wind turbine: both of them are three-bladed horizontal
axis downwind wind turbines. The differences between these two
turbines are the geometry and physical properties of the rotor and the
nacelle. Therefore, the general trend of the Enertech 1500's yaw
behavior would be similar to the Grumman WS33's. The discussion of
the yaw behavior of the Enertech 1500 would be qualitatively the same
as the previous section (i.e., the discussion of the Grumman WS33).
Thus, the purpose of this section is to show the analytical results of
another wind turbine rather than to discuss or verify the results in
detail.

The tower shadow is also the source of the yaw forcing function
for the Enertech 1500. The static pitch angle, static flapwise
deflection, and coefficients in the equation of motion in yaw are

given in tables 4.10, 4.11, 4.12, 4.13, 4.14, and 4.15.

Table 4.10 Static pitch angle under normal operating condition.
X 8 st (degree)

0.0430
0.0323
0.0312
0.0305
0.0218
0.0177
0.0147

O~ B WN




Table 4.11 Static flapwise tip deflection under normal operating
condition from both computer codes.
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AERO PROP

X ds (ft] ds (ft)

2 0.01644 0.01807

3 0.01279 0.01597

4 0.01269 0.01366

5 0.01057 0.01108

6 0.00839 0.00893

7 0.00676 0.00727

8 0.00558 0.00603

Table 4.12 Coefficients of the equation of motion in yaw from

AERO code.
X Ma4 Caq kag Mg kag
2 0.01605 0.01486 -0.00226 0.01315 -0.03647
3 0.03605 0.02666 -0.01716 0.02958 -0.03647
4 0.06409 0.06306 -0.00909 0.05259 -0.03647
5 0.10007 0.11496 0.00803 0.08217 -0.03647
6 0.14398 0.13952 0.01457 0.11833 -0.03647
7 0.19585 0.17117 0.01554 0.16106 -0.03647
8 0.25569 0.20538 0.01592 0.21036 -0.03647

*n refers to the nacelle

Table 4.13 Coefficients of the equation of motion in yaw for the
combined rotor and nacelle system from AERQO code.

X
a4, Caa, Kagy
2 0.02920 0.01486 -0.03874
3 0.06563 0.02666 -0.05364
4 0.11668 0.06306 -0.04557
5 0.18224 0.11496 -0.02845
6 0.26231 0.13952 -0.02191
7 0.35691 0.17117 -0.02094
8 0.46605 0.20538 -0.02056
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Table 4.14 Coefficients of the equation of motion in yaw from

PROP code.
X m C k k
44 44 44n “‘44n 44n

2 0.01517 0.01376 0.00016 0.01315 -0.03647
3 0.03411 0.01380 -0.03102 0.02958 -0.03647
4 0.06059 0.06278 -0.01082 0.05259 -0.03647
5 0.09461 0.10991 0.00589 0.08217 -0.03647
6 0.13614 0.14596 0.01138 0.11833 -0.03647
7 0.18519 0.17419 0.01335 0.16106 ~-0.03647
8 0.24179 0.20753 0.01521 0.21036 -0.03647

Table 4.15 Coefficients of the equation of motion in yaw for the
combined rotor and nacelle system from PROP code.

X a4 Ca, Kagr
2 0.02832 0.01376 -0.03631
3 0.06369 0.01380 -0.06750
4 0.11318 0.06278 -0.04729
5 0.17678 0.10991 -0.03059
6 0.25447 0.14596 -0.02510
7 0.34625 0.17419 -0.02312
8 0.45215 0.20753 -0.02127

It can be seen from Table 4.10 that the magnitudes of the static pitch
angle are so small that they have negligible effect on the system. As
shown in Table 4.11, the blade exhibits a positive flapwise deflection
for all the tip speed ratios considered. The difference in the static
tip deflections between the ones obtained from the AERO code and the
PROP code is significant at the tip speed ratio equal to 3 and 4. The
cause of this difference is primarily due to the simplified 1ift and
drag curve in the AERO.

The coefficients in tables 4.13 and 4.15 show that the system is

unstable in yaw due to the negative stiffness coefficient. The
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primary causes of this yaw instability are proved to be the nacelle
and lack of blade coning.
The yaw forcing function due to tower shadow with 20° shadow

width and velocity deficit equal to 50% is given in Table 4.16.

Table 4.16 Yaw forcing function with 20° shadow width and
velocity deficit = 50%.

2 0.00106
3 -0.00025
4 -0.00330
5 -0.00455
6 -0.00449 -
7 -0.00391
8 -0.00321

One of the reasons that the Enertech 1500 was chosen as a test
case is the availability of the data for yaw tracking error to verify
the analysis. These test results were obtained from the Rocky Flats
Wind Energy Research Center. The test procedure is explained in
reference 23. This yaw tracking error is shown in Figure 4.24.

Since the analysis used the linear approximation method, the
analytical results are valid only in a small region around zero yaw
angle. Therefore, the analytical results for the Enertech 1500 should
represent the linear part around the tip speed ratio equal to 3 and 4
or the Tinear part around the tip speed ratio equal to 9. A sign
change of yaw angle in the analytical results would confirm the

analysis.
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F1gure 4.24 Yaw tracking errors versus tip speed ratio for
the Enertech 1500.
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Unfortunately, according to the analysis the system is unstable
in yaw. This contradicts the test data that the system is stable and
operating with the static yaw angle.

The explanation for this contradiction may be the use of
single-section data (e.g., 3/4 radius) to represent the aerodynamics
for the entire variable thickness blade. The analysis used airfoil
NACA 4415 to represent the variable thickness blade of the Enertech
1500 for calculating the aerodynamic forces and moments.

One positive thing about the analytical results of the Enertech
1500 is the nacelle. The Enertech 1500's nacelle has a cylindrical
shape with a hemisphere on each end. And the forces and moments
calculated frém the nacelle in this analysis are based on the slender
body theory. Thus, with the Enertech 1500's nacelle shape, the model
agrees well with the theory. The predicted forces and moments on a
cylindrical body with a hemisphere at the end, which yaws at a small
angle to the wind, agrees quite well to the experimental result. This
can be seen by comparing the theoretical result to the experimental
result in reference 14.

Finally, the yaw stiffness coefficient normalized by RPM for the

Enertech 1500 with different wind condition is shown in Figure 4.25.
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Figure 4.25 Yaw stiffness coefficient versus velocity ratio for
the Enertech 1500.
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5. CONCLUSION

The yaw behavior of horizontal-axis wind turbines was examined in
this dissertation. The study of the yaw behavior undertook to find
the cause of poor yaw tracking, investigate the parameters that
control yaw behavior, and perform the sensitivity study of those
parameters.

The yaw behavior of wind turbines was analyzed by studying the
linearized equations of motion around the zero yaw angle. Two
computer codes, AERO and PROP, were developed to handle the numerical
values of coefficients of the equations of motion. The PROP code was
perferred because of its accuracy in the stall region.

Results were obtained for the Grumman WS33 and the Enertech 1500:
three-bladed horizontal-axis wind turbines with free yawed system.
Between these two test cases,the Grumman WS33 was preferred to the
Enertech 1500 because of the geometry and material properities of its
blade. The Grumman WS33's blade is made of aluminum (isotopic
material) and has a uniform cross section. The Enertech 1500's blade
is made of wood (orthotropic material) and has a variable thickness
and chord. '

The study showed that the yaw tracking error of a downwind wind
turbine without wind shear was primarily caused by tower shadow. The
effect of the tower shadow appears as the yaw forcing function in the
yaw equation. This yaw forcing function is dependent on 1) the width

of the tower shadow, 2) the velocity deficit in the tower shadow,
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3) the position of the blade's shear center, and 4) the power output
of the rotor.

The yaw forcing function for zero offset distance (the blade's
shear center is at 1/4 chord) will always have the same sign if the
power output of the rotor increases with the wind speed. If the power
peaked and then decreased with wind speed, then the yaw forcing
function would change sign as the velocity increased. This is exactly
the case with the Grumman WS33 and the Enertech 1500. As the peak
power is achieved, the rotor yaw changes sign.

The presence of the nacelle in a downwind wind turbine
destablizes the system in yaw in the form of a negative stiffness
coefficient. The analytical model of the na¢e11e was developed using
the slender body theory. However, the nacelle of the Grumman WS33 is
not a slender body; therefore, the predicted yaw behavior from its
nacelle contains some uncertainty. Thus, the predicted yaw tracking
error of the turbine system (rotor and nacelle) for the Grumman WS33
should be viewed as the qualitative behavior rather than the exact
magnitude. In order to obtain accurate predictions of yaw behavior,
an accurate nacelle model must be available.

The yaw stability of the Grumman WS33 in an upwind position was
used to verify the analysis. The analytical results indicated that
the Grumman WS33 in the upwind position is stable in yaw at tip speed
ratio equal to 5.

The sign and the magnitude of the yaw stiffness coefficient were

found to be the indicators of yaw stability for the Grumman WS33.



72

Therefore, the characteristic of the yaw stiffness was studied to
gain more understanding about the yaw behavior.

The yaw stiffness coefficient is the linear variation of the yaw
moment around the zero yaw angle. This yaw moment consists of the
moment due to the in-plane force and the moment due to the
out-of-plane force. The yaw moment due to the out-of-plane forces
exists only when the static flapwise deflection exists.

Because the derivative of force was encountered in calculating
the yaw stiffness coefficient rather than the force itself, the
negative derivative of the in-plane force (negative slope of the
in-plane force versus the angle of attack) and its position on the
blade Tength were therefore the important factors in calculating the
yaw stiffness coefficient. If this negative derivative force appears
near the blade tip, its contribution would be large. The further the
negative derivative force moves in-board, the smaller its contribution
becomes. This contribution will act as a stabilizing or destabilizing
term depending on the sign of the distance from the rotor to the yaw
axis (i.e., downwind or upwind turbine). It will act to destabilize
for a downwind turbine and act to stabilize for an upwind turbine.

The sensitivity of the yaw stiffness coefficient to the selected
input parameters was studied. The coning angle was found to be the
most sensitive parameter. Increasing the coning angle increases the
rotor yaw stiffness coefficient. Decreasing the coning angle (i.e.,
negative coning angle) decreases the rotor yaw stiffness coefficient.

The next parameters to which yaw stiffness coefficient is

sensitive are the position of the blade's shear center and the
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distance from the rotor to the yaw axis. The effect of these
parameters on the yaw stiffness coefficient is small at low wind
conditions and is increased as the wind speed increases. Moving the
shear center closer to the blade trailing edge increases the yaw
stiffness coefficient. Increasing the distance from the rotor to the
yaw axis increases the yaw stiffness coefficient at a low wind
condition. But as the wind increases, the effect is reverse:
increasing the distance from the rotor to the yaw axis decreases the
yaw stiffness coefficient.

The effect of this distance on the nacelle is reverse to the
effect on the rotor. That is, increasing the distance from the rotor
to the yaw axis increases the stiffness coefficient to the nacelle.
However, for a given nacelle, this distance can be varied only
slightly because of the space necessary to install a generator unit.
For the Grumman WS33, the effect of this distance on the rotor yaw
stiffness coefficient is dominant over the effect of this distance on
the nacelle yaw stiffness coefficient.

Increasing blade pitch angle increases the yaw stiffness
coefficient at a low wind condition and decreases the yaw stiffness
coefficient at a high wind condition. The yaw stiffness coefficient
is slightly increased by decreasing blade stiffness. Increasing the
rotor speed increases the yaw stiffness coefficient but the
nondimensional yaw stiffness is hardly affected by the changes in
rotor speed. .

Finally, the analytical results for the Enertech 1500 were
studied. It was found that the theory developed for the Grumman WS33
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can be applied to the Enertech 1500 since they are the same type of
wind turbine: three-bladed horizontal-axis wind turbine.

The study indicated that the Enertech 1500 was unstable in yaw.
The nacelle and lack of blade coning are the primary causes of the
system instability.

The yaw prediction for the Enertech 1500 is in contradiction with
test data. This contradiction could have resulted from 1) using
single airfoil-section data (e.g., 3/4 radius), NACA 4415, to
represent a variable thickness blade and 2) using the analysis for
isotropic material to predict the yaw behavior of a rotor made of
orthotropic material.

In order to obtain more accurate results, more accurate models of

the rotor and the nacelle are needed.
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APPENDIX I
KINEMATICS

A four-degree-of-freedom wind turbine system is illustrated in
Figure I.1. The degrees of freedom of the axisymmetric rotor system
are blade pitch deflection, blade flap, speed variation, and yaw
angle.

In developing the mathematical model for the turbine system, we
use assumed mode shapes and generalized coordinates to represent the
dependent variables. By this method we can derive the governing
equations in ordinary differential fdrm rather than partial differen-
tial form. Each degree of freedom is expressed as the product of the
displacement function (assumed mode shape) and the generalized coor-
dinate.

These relations are given as:

8(r,t) = f(g)ay(t) (blade pitch) (1)
w(r,t) = Refy(p)(a,(t) + q) (blade flap) (2)
x(rst) = f5(R)dg(t) (speed variation)  (3)
v(r,t) = £,(Qa,(t) (yaw angle) (4)

where RS is the distance from the tip of the blade to the hub of the
rotor. The qi(t) terms are the generalized coordinates of the rotor
system and the fi(EJ terms are the assumed mode shapes. The mode

shapes are expressed as:



Figure I.1 Rotor system.
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2r r
NE R (1) - (5)
£(5) = 6232 - 433 4 (1) 6
(%) (RS) (RS) + (RS) (6)
falg) = 1 (7)
R = 1 ®)

Here rg is the radial distance from the local point on the blade to the
blade root.

The mode shape in Eq. (5) is for a uniform cantilever beam in
static equilibrium with applied torque at the open end. The mode shape
in Eq. (6) is for a uniform cantilever beam in static equilibrium with
uniform forces applied on the beam. The mode shapes in Eqs. (7) and (8)

are those of a rigid body.

For a turbine blade with blade stub, the mode shapes of blade
pitch and blade flap differ from the ones in Egs. (5) and (6). They

are expressed as follows:

for r > RH
1'R R Gy~ Rg ™ ‘Rg
r r r
r _ S S\2 Sy\3 S\4
fz(ﬁ) = KO + KI(RE.) + 6('RE') - 4’(R ( )
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for 0 <r«< RH

r R r
R - 2(%H<%+ ) (344D - 2gd)
P IS RS, /T
folg) = Z(EE)(75)J 1+ (ﬁ;)b??)
where rg = r- Ry
R R
} H\2 EI H
Ky = 2(§g) (ET)H( 3+ 4(@;9)
R Ry
K, = 12(z) L 1+ (&)
1 (RS (ED)y Re

Here RH is the length of blade stub, measured from the blade section
to the rotor center. (EI)H and (GJ)H are flapwise stiffness and

torsijonal stiffness of the blade stub.

Having defined the degrees of freedom in terms of generalized
coordinates, we are now ready to develop the kinematics of the rotor
system.

The absolute motion of the turbine blade is determined by the
motion of blade deflection relative to the hub, the motion due to rotor
rotation, plus the motion of the nacelle and tower. Since in this
analysis no movement of the tower is allowed, we consider the reference
frame fixed to the tower as the inertial reference frame. Consider the
motion of a point on the blade whose absolute position is represented by
a series of relative position vectors. A series of coordinate systems
is used to describe these vectors. Let the coordinate system X,Y,Z be

located on the top of the tower. The coordinate system x,y,z is fixed
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on the nacelle and its origin is at the ssame point as the coordinate
system X,Y,Z. 'The coordinate system ;,;,2 is the same as the coordinate
system x,y,z except its origin is moved to the center of the rotor. The
coordinate system x,y,z is obtained by rotating the coordinate sys-

tem ;,§,2 by the magnitude of ang]e‘w (where y = Qt + ). The coordi-
nate system xp,yp,zp is obtained by rotating the coordinate system Xx,y,z
around the y axis by the angle o. Then, at position r on the blade, the

coordinate system x represents the effect of the pretwist angle,

g*Ys%
8. The coordinate system XgYg 229 is obtained by moving the origin of
the coordinate system Xg»YgsZg in the zg direction over the distance "w"
and rotating it around the A axis by the angle w' (aw/ar). Finally,
the coordinate system X15Xp,x3 is located on the shear center of the
blade cross section and differs from the coordinates XgsYg22g by the
amount of the pitch angle 3.

These coordinate systems are shown in order from the inertial
reference frame to the final reference frame that is fixed on a point on
the blade in Figures 1.2, 1.3, and I1.4.

A series of transformation matrices is used to transform from one
coordinate system to the others. These transformation matrices ére
shown in Figure I.5.

Another variabie that we will deal with is the radial displacement
of the blade. This displacement occurs during the blade deflection when
the assumption of an inextensible blade is made. This radial displace-

ment is defined as
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Figure 1.2 Coordinate systems XYZ, xyz, and xyz.
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Figure 1.3 Coordinate systems xyz, x y z, X0 %o
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Figure 1.4 Coordinate systems xBy
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Xy
A
7
C_/r ! (X) = [T] (x’)
| 0 0
x5
T xq [T1=| O cosy, —siny,
O sinm cosv
X b '
2
x’2 X
X{ A
T2

(x) = [7] (x)

v X3 cosm, O sinm,
T2
. =x3 [T] = 0 ! 0

Ta
-sinm, O cos7,
X2
/. Xy
* A
3 ,
O (x) = [T](x)
-,;3 cos7, -sinn, O
C > X3 [T]= sinnac‘osns 0
o] 0 I
X4 3
X2

Figure I.5 Transformation matrices.
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where v. is the deflection of the blade in the direction that is perpen-

c
dicular to the axial line (flapwise direction).
The velocity of a point on the blade is found by using the kine-

matic relation [10]
T = 0 +. 2 x*% (10)

where va is the velocity of point ¢ in a reference frame R.
aVC is the velocity of point ¢ in a reference frame a.
REQ is the angular velocity of the body that the reference
frame o is fixed to, observed from the reference frame R.
T is the position vector of point c.
For the angular velocity, we have
> >

- Ed
RYy = RUB * gv (11)

Q

where n;E is the angular velocity of the body that a reference
frame £ is fixed to, observed from a reference frame n.
The absolute motion of a point on the blade can be found by using
the transformation matrices and Egs. (10) and (11).

The blade velocity and blade angular velocity measured at the

center of mass of the blade cross section are:

=V A +V A +V h 12
¢ xo"xe T Uyeye T V2o (12)



where

Vnp = an + Vnr + Vnw + Vne n = X,¥,2
and
Vg = - £ycospsiny
Vep = ﬁc
Vew = - wpsingcosp + wy(sinpsingcosy - cosgsiny)
- efsinw'cose - eycosp (coscose + cosw'singsing)
Vie = + ey(singcoss - cosgcosw'sing)siny
+ eysinp (cosgcose + cosw'singsing)cosy
Vyg = - LYCOSY
Vyp = (r + u)dcosp = (r + u_)ycosysing
Vj = WSiNg - wpSinpCOSB - WYCOSpCOSBCOSY
efcosacosw'sing - ew'singsinw'sing
Vye = + eylsinp(singcose - cosgcosw'sing) - cospsinw'sine]
+ eycosy[cosp (singcoss - cosecosﬁ'sine) + sinpsinw'sing |
Vyy = gysinpsiny
Vor = (r+u Jysing
Vow = WCOSR + wpSingsing + wycospsingcosy
+ efcosgcosw'sing - ew'singsinw'cosa
+ eysinp (cospcoss + cosw'singsing)
Voo = + e§c05p(cosscose + cosw'sinesing Jcosy
- eycospsinw'singsiny




where

where

and
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= distance from mass center to the shear center of the blade
cross section,
= distdnce from the rotor plane to the nacelle's yaw axis.
ar
= W
ot
P 3 (3w
T et (ar)
= (@ +x)
> >
L R e 1=1,23
wel =9
Wy = 0

Y91 © P(sinpcosw' + cospsinw'coss)

ey = vl (cospcosw' - sinpsinw'cosg)cosy - sinw'singsiny ]
w82=0
W = =W cose

“p2 T " P(sinpsinw'sing + cospsingcose - cospcosw'singcoss)



mYZ

Y93

w3

3

n

i

39

- y(cospsinw'sine - sinpsingcose + sinpcosw'singcosg)cosy

- y[{cosgcose + cosw'sinasing)siny]

w'sing

- p(sinpsinw'coss - cospsingsing - cospcosw'cosecoss)

- §(c05psinw'cose + sinpsingsing + sinpcosw'cosS8COSE)cosy

+ y(cosgsing - cosw'cosasing)siny
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APPENDIX II
ROTOR AERODYNAMICS

IT.1 Relative Velocity

The relative velocity that the blade element experiences at the
rotor is defined as the vector sum of the blade element velocity at mid-

chord and the wind velocity at the rotor.
W=l -, (1)

Here Vw is the wind velocity at the rotor and VB is the blade element
velocity at mid-chord, it does not include pitch velocity (8). The wind

velocity at the rotor is given by
VU =vh - av f (2)

where "a" is the axial induction factor. The development of the axial
induction factor will be explained in a later section.

In the strip theory method (2-D assumption), the relative velocity
in the spanwise direction does not produce 1ift force or drag force.
The velocity to be considered in evaluation of the aerodynamic forces
and moments is the relative velocity in the plane of the blade cross

section. Thus the relative velocity is expressed as
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By using the unit vectors En and Et, we obtain

_ > > .
We = Woeq - My (4)
where
>
o= (0, - T)e (5)
>

W= - (T, - VB)'nye (6)
S
®n T Nzg
g, =1

t Yo

The expression for VB can be obtained by following the same procedure
used in Appendix I.
Substituting the value of VB and Vw into Egs. (5) and (6) we obtain

the normal and tangential relative velocities as
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V_(cosy - a)(sinpsinw' - cospcosw'cosg)

Vv = . . . . .
wn - V_siny[(cospsinw' + sinpcosw'cosg)siny - cosw'singcosy]
- Y[ (sinpcosgcosw' + sinw'cosp)siny - singcosw'cosy]
. - 1 L .
*ugsimw' - (r + U )pcosw'cospsing
-(r+ ud)Q(cosecosw‘sinw - sinpsingcosw'cosy)
Vg, = - WCOSW' - wpsSinw'cospsing

wy (sinw'sinpsingcosy - sinw'cosgsing)

+

e3&cose(sinpcosw' + cospsinw'cosg)

+

e3§cose[(c059cosw' - sinpsinw'cosg)cosy - sinw'singsiny]

th = {- V_(cosy - a)cospsing - Vmsiny(sinpsinssinw + cosgcosy)}

2y(cosgcosy + sinpsingsiny)

+

(r+ ud)$c059coss -(r+ ud)§(sinssinw + sinpcosgcosy)

Vg, = WpSinpg - wycospcosy

+

e3$sine(sinpcosw' + cospsinw'cosg)

+

e3§sine[(c05pcosw‘ - éinpsinw'cose)cosw - sinw'singsing]
where e; is the distance from the mid-chord to the shear center of the
blade cross section.

The velocity diagram of the relative velocity at the blade cross section

is shown in Figure II.1.1.

[1.2 Aerodynamic Forces and Moments

Figure [I.1.1 shows a b]adebprofile section at radius r with the
relevant velocities and forces. The air flow gives rise to a lift force
L and a drag force D whose resultant can be resolved into components of

normal force dF, and tangential force df.



Figure II.1.1 Velocity diagram at blade cross section .
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From the geometry we have

dF

dL cos¢ + dD sin¢

dF

dL sin¢ - dD cos¢

The expression for the normal force and tangential force can also

expressed as

2
dF p”weCCndl"

"
™| —

2
dFt = §-p°weCCth

where

(@]
1}

CL cosp + Cp sing

(]
"

t CL sing - CD CoS¢
The aerodynamic moment at 1/4 chord can be expressed as

+» _1 2
nd/4 N = 7 P%

>

2
c CM dr n1

c/4

and according to Fung [3]

Cy = - %E-COSQ 6
c/4

Substituting the expression of C back into Eq. (11), we obtain
Mc/4

(8)

be



3
- nc” .
nd/4 = - meeCOSa'TE— 8 dr (13)

I1.3 Linearized Aerodynamic Forces

In this study the linearized aerodynamic forces will be devel-
oped. These functions will consist of the nominal terms plus the linear
variations of the aerodynamic forces with the dependent variabies.

Let us first consider the aerodynamic forces. Figure II.3.1 shows
the blade profile section at radius r with the relevant velocities and

forces. The components of the aerodynamic forces are expressed as

2
e

1 _
dF =" p, WocC dr (14)

12
dF, = % o Ng cCydr (15)

where
Cq = CLlagcose + C ylag)sing
Cp = C (ag) sine - Chlag) cose
W =W +W

ap is the effective angle of attack measured at 3/4 chord when including

the effect of the pitching velocity at that point.

Normalizing Eqs. (14) and (15) by dividing through with %-p&ViRz yields
W
_rey2c¢c . dr
G e b (16)



Figure

I1.3.1 Velocity diagram at blade cross section.
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o= (PPsc & (17)

The derivative of the normal force with respect to the dependent varia-

bles is defined as

aC

R R TR R oo
The derivative of C, with respect to n becomes
3Cn ) BCn da. . 8Cn 3 (19)

an dap an 3¢  an

The velocity of the fluid that accounts for the pitching velocity at 3/4

chord is expressed as

<<
[}

e.fcosee_ - e,dsinoe
P 2 n = €p9s1n &

andv

=
]

W+ e cose)l + (W, + e dsine 2
n 2 t 2

From the velocity diagram in Figure II.3.1, the tangent and cosine of

the effective angle are expressed as

W+ ezécose
tan¢E =n—f-— (21)
W, + efsing



wt + ezesme

cos¢p = o (22)
where
¢E = ag- 8
From trigonometr;i'c relations we obtain
-271- (tangp) = seczq:E ;:—E
;—E = cosz¢E-g—n—(tan¢E) +§% (23)

By substituting Eqs. (21) and (22) into Eq. (23), we obtain the expres-
da

sion of —E as
an

fﬁ =L (W +e . (6cosa ))(W, + e,fsine)
a2 T faan 0 t ' e
. a * . 39
- (W ezecose)(wtn te, o (6sine))] + (24
where

awn

Wn = an
n

W = ivit_
tn an

In the same way, the expression of %ﬁ- can be expressed as

98
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]
3% = [Wnnwt--wnwtn] (25)

1

2
We
Substituting Eqs. (19), (24), and (25) back into Eq. (18) we then evalu-

ate all the dependent variables at nominal values. The derivative of

the normal force can be expressed as

n t .
=F. 1 _n .
WorhivotRer forn # 45,4
W W
t
"4, a, %)
TS B i B sl (
wn- wt-
- i SRPS)
N, =F)3—+F,w—+F
q]. . -] ©
where
W W
_C n _t,.
SR SER LA
W W
_C t n
FZ - ﬁ'{z V: Cn - Cnv v,
e W
_C 2 't
EIR N
W
_C e\2 .
Fg = ﬁ'(V:? Lnafl

Figure 11.3.2 shows the velocity diagram of the blade evaluated at the
nominal value. The relation of 1ift and drag at the nominal value can

be expressed as
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Figure 1I1.3.2 Velocity diagram at blade cross section

evaluated at nominal value.



Cn = CL c0Sa + CD sing

Cn = CL cosa + CD sina - C
v QE GE

t

Ct = CL Sina - CD C0sa

Ct = CL sina - CD co0Sa + C

n
v C!E G.E

Cn = CL cosa + CD sina
a CIE C!.E

Ct + CL sina - CD C0Sa
s O.E O.E
The variation of the tangential force with the dependent variables can

be found %h the same way. The derivative of the tangential force is

-

defined as
aC
yodo ot
n R an
and
Wnn wtn .
HT\ = G}-T+ sz;— for‘n#ql,ql
Wn wt
41 q4 (27)
g, ” 5 B
Wn_ Wt.
A O A B
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where

W W
2SN _t
G =g{y—=C +C¢ v
® vV o
W W
_cC t n
Gy = g PV;‘ Cy - Ctv V:*
e, W
_c 2 't
Gs ‘ﬁct V—V—fl
a -] - -]
W
_c e\2
fr ) G

I1.4 Axial Induction Factor "“a"

In this analysis, the nonrotating wake model is used. We can
calculate the Tocal value of the axial induction factor by equating the
winawise force developed on the blade to the momentum flux in an annular
ring of radius r.

Applying the momentum theorem to the flow in the annulus "dr" one

obtains an expression for the windwise force as

a7 = pm(an‘dr‘)u(Vw - VZ)
= o V2 (1 - a)2azerdr (28)

Defining a local thrust coefficient by

) —_—
L 7

Equation (28) becomes

(Co)L = 4a(1 - a) | (29)
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The local thrust coefficient based on the blade force in the windwise

direction is developed using the blade element theory

12
dT = 5 p_ W.Bc C dr (30)

Using the definition of (C.J , we obtain

=

(¢ = FIED° 2 (31)
With a given value of CL» the local axial induction factor can be found
by equating Egs. (29) and (31).

The simple momentum theory approach leads to the result that the
induction factor "a" cannot be greater than 0.5 as this would yield zero
downstream velocity. However, increasing thrust coefficient values are
obtained for a > 0.5,

Wheﬁ the axial induction factor "a" is greater than A piticals the
Glauert relationship [4 ] has been used instead of the simple momentum
theorem. The Glauert relationship is shown in Figure I[I.4.,1. This
empirical relationship can be approximated by a straight line with good
accuracy using wind tunnel test data. The straight 1ine approximation

used in this analysis for a > a. is
(CpL =4 (1-a]) + 41 - 2)(a - a) (32)

where a. = 0.38.
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Figure I1.4.1 Windmill brake state performance.
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11.5 Variation of Axial Induction Factor with Generalized

Coordinates

In the process of linearizing the aeroforces, the variation of the
axial induction factor with the dependent variables is encountered. We
can calculate the local variation of the axial induction factor by
equating the derivative of the moments developed by the b]ade force to
the derivative of the moments developed by the momentum flux.

Defining the variation of the axial induction factor as

X
an

_ _r_ . . L
=k, gsim +j g cosy (33)

Substituting the expression for the variation of the axial induction
factor back into the linearized aerodynamic forces terms, we now have

two new coefficients to solve for, k_ and jn'

n

The coefficient kn can be calculated by equating the derivative of
the yaw moment developed by the momentum theorem to the yaw moment
derivative developed by the blade element theory. In the same way, the
coefficient jn can be calculated by equating the derivative of the
pitching moment developed by the momentum theorem to the pitching moment
derivative obtained from the blade element theory.

Considering the segment "rNdrNdw" of the annulus "dr", we obtain

the expression of the moment as the cross product of the ry vector and

the windwise force of that segment.
M = FN x dT (34)

where
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(r+u )cosp - wsing (35)

dT

P, Vi (cosy - a)2a rydrydy (36)

A local moment coefficient is defined as

_ dM
w1723 (37)
-2- p”VJrR

Substituting Egs. (35) and (36) into Eq. (37), we obtain the expression
of the yaw moment as the component of the vector "dCy" in the n, direc-
tion and the pitching moment in the ny direction.

The expression for the yaw moment is

rﬁ dry

A

4a(cosy - a)
The expression for the pitching moment is

1
dCMy == 4a(cosy - a) 7 cosy —— dy (39)
By taking the derivative of the yaw moment and the pitching moment with
respect to the dependent variables then integrating over the whole

rotor, we obtain the expression

3CMX L R & aCTL . rﬁ dry
w o sty ] ] S g simd o (40)
o] 0 R
aC aC 2
M R 2n T r dr
vy . _1 L3 N _N
P - of of 53 o g cosydy R (41)
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where

C: = 4a(l - a)

T

Substituting the expression of %%-from Eq. (33) into Egs. (40) and (41),

we obtain

aCM
X
an n

"
~
=]

—
——

S

N
g

aCy
—L

an n

[}
]
(&)
=]
—

—

=

w
~—

where

3
_ L™ 9Ty |
W=t 53T (44)

Now we will Took into the same yaw moment and the same pitching moment
but they will be developed by blade force instead of momentum flux.
Considering the small element of blade "dr", the moment created by

the aeroforces and aeromoments are expressed as

dft = FM x dF + dnc : (45)
7

where

3¢
]
TN
-3
+
o
3
Nt
>
+
£
+
1]
—
o1
~nN
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the expression for the yaw moment is obtained from the component

of dtM in the n, direction

_N dr H dr
dCMx =T (TL].) T dy + T (TLZ) - dy (46)
where
W
_ 842 c
Vo) Gir
W
_r ey2 c
H ‘(v:) ¢ ¥
!
T cosg[(cospcosw' - sinpsinw'cosg)cosy - sinw'singsing]
TL1 =
[r+um) "
-([—g—— cosw' — ¢ simw'](sinpsingcosy - cosasiny)
(r+u ) e
m L w . ) s s .
- f——ﬁ——— sinw' - g cosw' - = sing][(sinw'singsiny)
+ (cospcosw' - sinpsinw'cosg)cosy]
TL2 =
(r+um) y
~[—g— cosw' + ¢z sinw'][(cospsinuw' + sinpcosw'cosg)cosy

+ cosw'singsiny]

Now we take the derivative of this moment with respect to the dependent

variables. Then we add the effect which accounts for the "B" turbine
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blades in the system. The expression of the average yaw moment deriva-

tive is given as

3C

M R o R 2«

X _ B dr B dr
ST / f Nn(TLl)-rd\p *— [ f Hn(TLZ)wa

2n RH 0 2n RH 0
(47)
where

L
Ny = an

_ oM
Hn on

By substituting the expression of %%—from Eg. (33) into Nn and Hn terms,
the derivative of the yaw moment is expressed in terms of kn and jn'
The expression of the pitching moment developed by the blade force

is expressed as the component of dtM in Eq. é45) in the ny direction.
aby
Then the derivative of the pitching moment —gﬁi-is obtained in the same
aCy

way as it is done in anx

Now we can equate the derivative of the yaw moment developed by
momentum flux to the one developed by blade force and the derivative of
pitching moment developed by momentum flux to the one developed by blade
force. The analysis results in two equations and two unknowns (kn and
i) |

The result of this linearized analysis shows that the variation of

the axial induction factor exists only for the yaw and yaw rate varia-

bles

-+
Y]
I
(o]

n # g, and &4 (48)

Q>
=
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The coefficients kn and jn for yaw and yaw rate are given by

94 (nl - I,

(Mg + g + Mg + M)(My = M3) - Mp(lyp + My3 + Mgy + Myg)

- 49)
q 2 2 (
4 (my -mg)" + 1y

|y rmgrng +mgny + (1 - Mg)(Myp + Mgz + Mg + Iyg))

A (my -1 )2 15
1713 2 (50)
_(mg rmg +myg +my)(Wy - Wg) - MplRyg + My + Myg + M)
7 2 *

(51)

-{(1g + Mg + My + My )0y (M- M) (Mg + Mgy + Myg + Mpgl]

)¢y

(52)

where I;'s are the integral terms.

These integral terms are given as follows:

P
. . N dr

' ' —— —
(COSpcoswo s1nps1nwocose) R

JUI"D
—

R (r+u W r
m ' 0 : I : : N dr
(N1) (—g— cosw, + z=simw )sinosing p— o=

R (rtu, W,
(H1)(—g— sinw, - g cosw!]}(cospcosw

Ndr
R R
R (r+u ) W
3 m . 0 .. .
ol RI (H1)(—g— cosw + = sinw}}(cospsinw]
H
+

- sinpsinw
psinw cosg)

r
e cosw’ N dr
sinpcosw coss) ¢ R
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(r+u) w r
[ (N) (= m cosw; + = sinwo')coss R—NQR-C
H

R

R r+u ) W
- %‘,‘ / (Hl)(-—Rm— sinw) - = cosw, )sinw!sing ﬁﬁ

W
0 i 4 . 8 dr
v s1nwo) s1nps1ne}f4 m

R e (r+u ) W

3 1 m ' 0 i dr
TRI (N3)(T sinw sing - (—¢ cosw, +-ﬁ—s1nwo)coss)f4§—
H
R (r+u ) W
3 m : ) 0 ] t
- Rf (H)(—g— sinw - o= cosw ) (cospcosw;
H

. N dr
- sinpsi nwoccss)f4 e

[ (H2)( Rm c05w6+§—°-s1'nw(;)(cos‘;sinw6
H

peljell
-3

+ si !
sinpcosw cosg)f,
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R (r+u_) W (r+u )

[ (H3)[( Rm coswy +R—°-s1nw Jeosw sing + ( Rm sinwg

0 et ek dr
- g coswg)sinw sing]f, o

e
1 . . —
/ (N4)[R—- (c05pcoswo - s1nps1nwocoss)

(Hum) Yo dr
- (—g—— cosw, + g—sim]sinpsing]f, o

R e (r+u ) w

3 1 dr
> / (NS)[— s1nwos1n8 - (

m b 2 osinw! ar
R COsW, + g sinw Jcosg]fy g

R (r+u ) W

3 — . |
= | (H4)(R—m sinw) - T{_c_),_ cosw, ) (cospcosw -

. , dr
- si nps1nwc;coss) f4 T

3 R (r+u ) W

3 m V0 s Co
- 5= [ (Ha)( cosw! + g sinw ) (cospsinwg
H

. ) dr
+ si npcoswocoss) f4 'l

R (r+u_) w

g—" [ (W) [(—g M cosw' + == sinw 2Jcosw/sing

o R

(r+u ) W

+ (g il sinwg —ﬁo—coswé)sinwc"sine]fdf

(o

r

“

R e (r+u_) W

3—w / (NZ)(—L sinw sing - ( dr

m e L sinw! ar
R COSW) * g sinw))cosg)f, 7

R e (r+uy)
[ (N3)(g= (sinesinw cosg-cospcoswy)+ (—r— cosw,
H

Yo dr
+ e sinw )s1nps1ns)f4 =
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3 R ru Wy
Ty, = 5 Rf (H2)[( sinw_ - g cosw )sinw sing
H

R 0 0

(r+up) Yo r
+ R cosw, + 7 s1‘nwc'))cosw(;s1'ne]f4 .

o

R (r+u_) W

3 m N 0 '

- 3= RI (H3)(—g—— simw; - g cosw,)(cospcosw o
H

. N dr
- sinpsinw cosg)f, =

3 R P L .
T = +.2FRJ’ (H3)( 5 cosw(') +-R-—s1nw6](cos;;s1nw(')
H

; | dr
+ i npcoswocoss) fag

3 R e . (r+up) Co Y dr
Tig= 5 R{{ (N[5~ sinwsing - (—p— cosw) + ¢~ sinwg)coss]f, 7=
3 R e, . )
T, = -5 Rf (NS) [z~ (cospcosw, - sinpsinw cosg)
H
(r+u ) W dr

m ' 0 . ' . :
- (— cosw + o s1nw0)s1nps1rus]f4 =

3 R (r+um) Wy
Tig = 5 Rf (HA)[(—g— sinw_ - = cosw )sinw sing
H

(r+ig) .

+ (g o cosw, +R—°- sinw Jcosw sing]f,

Q.

r

&l



where

N1

N2

N3

N4

N5
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3 R (P+Um ) Wo
< or R / (H5)(—R—— s1nw(‘) T coswo)(cosocoswo
H
: 3 ' dr
- s1nps1nwocoss)f4~§—
3 R (r+u ) Wy .
* Rf (H5)(—g— cosw] + g= sinw ) (cospsinw
H
+ 3 ] df‘
s1npcoswocoss)f4 H

(sinpsinwé - COSpCOSWéCOSB)FI - cospsingF,
coswosmaF1 - cossF2

CoSpsinw' + sinpcosw' + sinpsingF
(cospsinw, pCOsW cosg)F, + sinpsingF,

. (r+u ) Wy
L o . N R RO
(VQ singcosw T sinpsingcosw, T sinw sinpsing)F,

e
3 ) ; P
+ T (cospcosw; - sinpsinw cosg)F,
(r+u ) W
-(6— cosg + —y sinpcosg + VO— cos‘a)F2

L . , - (r+ud) ‘
(V:-[s1npcosacoswo + sinw cosp)+ —y—— COsBCOSW

o]

-]

W e

0 . 3
+ts1nwocoss +T/::s1nwos1n¢3)F1

. L. (r+u))
+(V—- sinpsing + —y s1'n£;)F2
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The expressions for Hl, H2, H3, H4, and H5 are the same as N1, N2, N3,
N4, and N5, respectively, except Fl and Fp in Ni terms are replaced by

61 and GZ in H terms.

I1.6 Tip Loss Model

In order to account for nonuniform flow in the wake of a wind
turbine, flow models have been adapted from the propeller theory.
Physically, the tip correction accounts for the fact that the maximum
change in axial velocity, 2aV,, in the wake occurs only at the vortex
sheets and the average velocity change in the wake is 2aV_F, where F is
the tip loss factor.

“"Tip losses" have been treated in a variety of different manners in
the propeller and helicopter industries. The simplest method is to
reduce ‘the maximum rotor radius by some fraction of the actual radius,
which in helicopter studies is of the order of 0.03R. A more detailed
analysis was done by Prandtl [15] as a method for estimation of lightly
loaded propeller tip losses. Later Goldstein [5 ] developed a more
rigorous analysis.

But due to the ease of use and the fact that the available experimental
data are not sufficiently accurate to regolve the differences predicted
by various approaches, only the Prandtl method will be considered.

Prandtl's factor is defined as

F =2 arc cos e~ F
m
where
¢ < BR-r - BR/r-1
2 Rs1'n¢T 2 sing
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The expression for f can be suitably approximated by writing rsing in
place of Rsin¢T. Here B represents the number of blades; o7 is the angle

of the helical surface with the slipstream boundary.

11.7 Power and Thrust Coefficient -

From the blade elementary theory, the windwise force and torque at

the nominal value are given as

dT = ép szcc ar (53)
1 d
dQ = 5 o, BWZ SCCyr R" (54)

Power is defined as the product of torque and angular speed

dP = QdQ (55)

2

Normalizing Eqs. (53) and (55) with %-pmva 2

nRz and %’p VrR™, respective-

ly and making use of the re]ationship of the relative velocities and

angles at the blade cross section, one obtains

in e
_€cosTp Be 1-a+\2 _ _ 2
- A SR o B A B s (56)
hub
3 tip 1=
B
Cq E%%Jl _E./ 1+ ( ) [xC L (l-a)CD]xdx (57)
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APPENDIX III
DERIVATION OF GOVERNING EQUATIONS

In order to develop the equations of motion, the Lagrange method is
used. The expression of kinetic and poteﬁtia1 energy of the system will
be developed. Then, by using the virtual work concept an expression for
the nonconservative forces can be obtained.

Lagrange's equation is used to develpp the equations of motion.

The Lagrange equation is given as

gﬁ‘(é%;ﬂ - Q
94 34
where
L = Lagrangian function = KE-PE
Q; = nonconservative force
q14= generalized coordinate

With the expression of KE, PE and Qi substituted back into

Lagrange's equations, we obtain the equations of motion.

[II.1 Kinetic and Potential Enerqy

In order to obtain the expression for kinetic energy of the rotor
system, the velocity and angular velocity of the blade element are first
developed. With known values of mass and mass moment of inertia of the
blade element, the kinetic energy is expressed as

2 2 2 2
d(KE) = Vedm + wydly + wydl, + wydly (1)



118

Here V. is the velocity of the blade element of length dr, wj's are
anqular velocities of the blade element in the direction normal and
tangent to the blade, dm is the mass of the blade element, and dIi's are
the mass moment of inertias of the blade element at mass center in the
sahe direction as the wj's.

The total kinetic energy of the blade system is obtained by inte-

grating over the blade length and adding the contributions of each blade

R
2
/ w3dI3

€
N

[=1

—
(AN

+
" ™M

(2)

where B is the number of blades.
The additional kinetic energy due to the hub mass and generator are

considered. The additional kinetic energy terms are expressed as
_ 1 . o2
KE = 5 I, + 5 I(Neh) (3)

Here Iy is the mass moment of inertia of the hub around the rotor shaft,
Ig s the mass moment of inertia of generator around the rotor shaft,
and Ng is the step-up gearing ratio between the turbine and the
generator,

An expression for the potential energy of the rotor system can be
derived from the strain energy due to the blade deflection and blade
twisting. The expression for the strain energy of an element of a‘blade
is first developed, then integrating along the blade span and adding the
contribution of each blade to get the total potential energy. Thus, we

obtain



119

B R
U=t £+ [ (M H%r + 1 1 [ s(r)@Y%r (4)
2 2 e 2 ar
i=1 RH ar i=1 RH

[11.2 Virtual Work

The virtual work principle can be stated as, "If a system of forces
is in equilibrium, the work done by the externally applied forces
through virtual displacements compatible with the constraint of the

system is zero," [11]
n >
W= 35 F,e 8. =0

where

F.

i

external force

6?1 = virtual displacement
Virtual displacement is defined as infinitesimal arbitrary changes in
the coordinates of a system. These are small variations from the true
position of the system and must be compatible with the constraints of
the system.

The total virtual work of the system can be expressed as the summa-
tion of the virtual work of conservative forces and the virtual work of
nonconservative forces. The conservative forces are the forces that do
depend on position and can be derived from a potential function. Con-
servative forces are the inertia forces, the contact forces, and body
forces. The nonconservative forces are energy-dissipating forces, such
as friction forces and forces imparting energy to the system, such as
external forces. Nonconservative forces are forces that do not depend

on position alone and cannot be derived from a potential function.
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In this analysis we will consider the virtual work of the noncon-
servative forces -alone. The nonconservative forces in our case are the

aerodynamic forces and moments.

I1I.3 Nonconservative Forces

First, let us redefine the virtual displacement and virtual angular
displacement (virtual rotation) of the system. In this analysis, we
assume that the aeroforces and moments act.at 1/4 chord position of the
blade cross section. The virtual displacement and virtual angular

displacement are defined as [10 !

an
sP = — $q; (5)
aqi
8+
Sa = —l%— 8q; (6)
3q;
where
3%, .
—— = the partial rate of change of position with respect to
3q.
! q; at the 1/4 blade chord in the inertial reference frame.
>
3%— = is the partial rate of change with respect to g; of orienta-
9q.
3

tion of the blade in the inertial reference frame,

The virtual work is defined as the summation of the inner product of the
aerodynamic force and the virtual displacement and the inner product of

the aerodynamic torque or couple and the virtual angular displacement
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W = FesP + Mesa (7)
The aerodynamic force and couple at 1/4 chord are defined as

F=F¢& +F3 (8)

Substituting Eqs. (7) and (8) into Egs. (6) the expression for the

virtual work becomes
SW = Quoqy + 0p89, + Q3803 + Q4804

where Qi represents the nonconservative force relevant for the right

hand side of the Lagrange's equation

3V

A RN (®)
3q, 30y
aV >

Q, =t . (—=94) + m . (2 (10)
39, 34,
3V

0y = F - (=D +h. 2y (11)
3Q3 BQ3
aV >

Q =F . (=3 + 0. (2 (12)
3, 34, :

Now we have the expression for the Lagrangian function and the non-
conservative forces. Substituting these expressions back into

Lagrange's equation, we obtain four equations of motion. These equa-
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tions can be written in matrix form as

M1 fa;3 + [C {4} = (6(qps..00ys Gyseeedyat)) (13)
where
[M] = nonlinear mass coefficient matrix
[C] = nonlinear damping coefficient matrix from gz-[—%;ﬁ
3
{G} = a vector consisting of nonlinear terms from 3%— + O1
1

I11.4 Nacelle, Gravity

Nacelle

In this analysis we will consider the naceile as a slender body.
The shape of the nacelle is assumed to be a cylinder with a hemisphere
on the forebody and afterbody. Figure II1.4.1 shows é picture of the
nacelle,

Since we assume that the nacelle acts like a rigid body and the
only movement it is allowed is rotation around the yaw axis, the kinetic

enerqgy and potential enerqy can be expressed as
KE = %

PE

0]
(0]

KE = 5 1 53¢ (14)
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Figure III.4.1 Nacelle geometry.
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For the nonconservative force, the forces on the nacelle are calculated

by using the slender body theorem. The forces on the body can be ex-

pressed as
_ ds
dFy = qu‘az dz (15)
2 Y21 dR(z)\2, ds

o, = P -0 (T e g (R2) (-Hé_l) b § dz (16)
where

s = the cross section area of the body

R(z) = the radius of the body cross section

The virtual displacement of the nacelle is expressed as
-+
§b = zf4<5q4 ny (17)
The virtual work of the nacelle system is given by

d(sW)

dF 5P
y §

ds 2
(29,2 g dz ,q,)sq, (18)

The nonconservative force for the nacelle is expressed as

40y = 202 4z £2 g, (19)



The force on the nacelle exists only at the hemispheres at both ends of
" the nacelle (%%—# 0).

The afterbody of the nacelle is in the hub area. In real flow, the
flow would separate before it reaches the afterbody. Only the forebody
part of the nace]]é is considered.

The equation of motion of the nacelle is developed by substituting

the expression for kinetic energy and the nonconservative force in

Lagrange's equation. The nondimensionalized equation of motion is given

by
Myg 94 *Kgq 94 = 0 (20)
n n
where
m - In f2
44 qQRg 4
.2 T ds 2
Kgg -3 [ 1Ty
R -(n-RM)
n = distance from the nacelle's yaw axis to the forebody

end of the nacelle

el
=
n

radius of the hemisphere on forebody and afterbody of the

nacelle,

The correction factor for the nacelle with a non-circular cross
section is obtained from reference 2. From the analysis of airships,

Munk[2] defined the inertia factor for the cross section effect on the
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lateral forces developed by the slender theory as

for common circular cross section

for other cross section

(2

1
P~y
W

where S denotes the area of the cross section and b is its largest
width or height at right angles to the motion considered.
Hoerner [8] also suggested the correction factor for the effect of .

fineness ratio on the slender body as
po= (1-d/1)

where 1 is the length of the body and d is the diameter of the body.
With these correction factors, the stiffness coefficient of the

nacelle becomes

2 N ds

2
k = - ;oz == f, dz (zp)
44n R3 '(”'21) dz 4
where z is the distance from the forebody end of the nacelle to the
point where ds = 0.
a? .

Gravity Effect

For a larger wind turbine system, the effect of gravity is very

important in dynamic and structural analysis. Although the Enertech
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1500 is a small wind turbine system, the gravity effect will be included
in the analysis to make the analysis applicable to any size turbine
system.

The gravity effect will be added to the system by means of a poten-

tial function. The gravitational force of the blade element dr is

defined as

d§ = -gdm Ex (21)
The potential function for the gravitational force is given by

dP = ghdm (22)

where h is a function of q;, ... g4, and t, whosé absolute value is
equal to the distance between the mass center of the blade element cross
section and any fixed horizontal plane H.

We are dealing with the expression for the derivative of the poten-

tial function af instead of the potential function itself when we

3q.
j
develop the equations of motion by using Lagrange's equation. Therefore
we take the derivative of the potential function in Eq. (22) with

respect to the generalized coordinate

3(dP) _ qqm 30
3 gdm 3] (23)

The velocity of the blade element “dr" measured at the mass center can

be expressed as
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_ dh »
VC “?t"nx+ocl-oo-.oooo
4 3h e ahy»
= - (121 Eqi +ﬁ)nx + EEEEXEEE] (24)
The expression %%—-be found by dotting Eq. (24) with the unit vec-

;
tor ﬁx and assuming that g%-equals zera.

3h_ e ~ (25)

Substituting the expression %%—-in Eq. (25) back into Eq. (23), we have
i
the expression iéggl accounting for the gravity effect to be put into
i

Lagrange's equation

3V
.aiad_Pl = gdm(- —.—E- 'HX) (26)
9 29,

II1.5 Tower Shadow

When a rotor is downwind of the tower, the blades pass through the
wind shadow cast by the tower. The performance of the wind turbine will
be affected by this tower shadow.

In this study, the tower shadow is modeled as the velocity deficit
from the rotor axial velocity value over a selected region of the rotor
disk, centered about the tower center line. For the simplicity of
analysis, the width of the tower shadow is assumed as a segment of the
rotor area. The width and the velocity deficit of the tower shadow are
dependent on the geometry of the tower. This tower shadow model is

shown in Figure III.5.1.
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Figure 1I1.5.1 Tower shadow.
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To account for the tower shadow effect on the equations of motion
of the system, the width and the velocity deficit are arbitrarily cho-
sen. Then for this linear system, the superposition method is used.
The average forces on the rotor with the tower shadow will be the aver-
age forces on the rotor without the tower shadow, plus the difference of
average forces in the shadow region between the one with and the one
without the velocity deficit due to the tower shadow.

The coefficients of equations of motion will be recalculated for
the shadow region. Many terms in the expression for forces and moments
that depend on the azimuth angle, which are usually balanced out in the
3-bladed rotor case, will remain in the tower shadow case.

The average forces and moments in the shadow region are given by

1r+l-
B Z R
Fshadow = 27 fl Rf (dF )dy (27)
T .= H
z
1'r+2‘2-
. B *
Mshadow T fx Rf (F x dF)dy (28)
-3 H
where
dF = the force on the blade element

]

X the shadow width.

The flow conditions in the tower shadow are developed from a uhi-
form flow model. Thus flow conditions in the tower shadow vary only
with velocity deficit and tip speed ratio.

Table III.5.1 gives the values of the integrations from the lower

Timit of x -%t0w+%.



Table [1I.5.1.

Some integration values.
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T +

A
2

N>

noj >

o) >

sinzwdw

coszwdw

sinycosydy

cosydy

A ~-sim
2

u

. A
-2 sin 5




132

APPENDIX IV
LINEARIZED EQUATIONS OF MOTION

IV.1 Linearization

Real systems contain some nonlinearity. If the ranges of values of
the dependent variables are sufficiently restricted, the system may be
well approximated as 1inear. In this study we will treat the system in
the linear range.

The first thing we need in linearization is the equilibrium value
of each dependent variable. Because of the complexity of this rotor

system's mathematical model, the equilibrium values have been chosen as

8, = 0 (1)
"o = RefalR)ag (2)
% = O (3)
Yo = 0 \ (4)

where g, is the static tip deflection and the subscript 0 indicates that
the values are evaluated at nominal values.
We now define the dependent variable as the nominal (equilibrium)

term plus a small variation term.

q; (t) = q;, + 84, (t) | (5)
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Substituting the value of the generalized coordinate shown in Eq. (5)
into the equations of motion and developing a Taylor's Serjes for the
nonlinear function of the generalized coordinates and their derivatives

yields the relation given below

Flag»9;.94) = f(qio’qio’qio) ¥ 3, 89
af(q1o.q,-o,q1-o) . af(q1o,qio,q10) )
+ - 53, + 80 + eenen (6)
33; 3q;

Neglecting higher order terms, we obtain the linearized equation of

motion as

3f(a; »d; »9; )

HERRE a.).= flq; ,a; q. ) + 9 9 sq.

A I | 10’ 10’ 10 aqi i

af(a; ,a; »q; ) af(a; ,a; »q; )

i L P PR )
+ - 5q1 + 6q1 =0 (7)

3q; 3q;

Linearized Equation of Motion

With the known values of kn and jn’ the expression for %% in the

linearized aeroforce is defined. Then, the linearized equations of

motion of the system are expressed in the matrix form as
[M*I{ea,} + [C*J(6q,) + [K*Jsq;} = (6}

where
M* = Jinearized mass coefficient matrix

C*x

linearized damping coefficient matrix



K* = Tinearized stiffness coefficient matrix

G

"

linearized forcing function vector

The components of the matrices M*, C*, K* and the vector G are:

Mass matrix of the rotor

R W
- J —ﬁl(R—o- singcosp +%c059coss)f3-g-':
H

(=¥

2 . r
u(%) s1nw$§05pcossflf3 i

s 2 . dr
/ u(%' p—— cosw singcosp + (%] cosw sinp]f fy o
H

w

_— f u %-R—o-smw s1nsc05pf1f3R—
H

.3 RI, - dr
_q_ RJ‘ ;2- (si NpCOSW, + COSpCOSBST ”"‘o) f1fs 7
H



R y W
- %— [ u =2 (22 singcosp + £ cosacoss)fy &=
= R
H
Moa= My, =
S 3 R (Huc) . e . Rs £ f dr
+a:Rf u(—g— singcose + & sinp) g f,fy =
H
R I
+ 3 / —z-cosocossf‘f dr
H
Mog=Mgp = O
2
R w 2
3—— / u(—%v(sinzs + sinzpcoszs) +e—2 (cosze + sinzpsinzs]
@ RH R R
2
(r+u.)
C 2 g2 dr
+TCOS p)f3T
R (r+u) (r+u_.) w
6 ¢’/ e _, . c .
+ q—Q‘Rf u(—rp- S1npCOSpSINg - R Tsm;:cosocoss
H
*-Eg-sinecosscos2 )f2g_r;
R R PIT3R
m =
33
v 3 IR 2! (sinpcosw' + cos cosssinw')zf2 dr
qw R ;2' e 0 e 0 I’
H
R I
3 2 2 .2 2dr
+a— / — cos“psin‘g f3-R—
o RH R
R I
3 3 3 3 ] ] 2 2 dr
+E-Rf EZ— (snngsmw0 - c05pcoswocose) f3g
® "y
1 2
+—5q - (IH +ng IG]f3
=0
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r 2C31 Rf u[(ﬁg)z(l + cos®peosp) + (%]2(1 + sin’gcos’p)
® TH
(r+ug)
+ ZC (1+s1nzp)]f2%L
R
R W (r+u )
3 .
v B comeans + 2
* "H
2% e . 2dr
- R R Cosesing]f, o
R (r+u ) W (P'HJ )
N I RC R—sinpc05pcoss -%——R—C—SMQCOSOSMB
O RH
e Wo 2 2dr
Mag = < - R g singcosg(l - sin)]f, o=
3 ML e 2222 2,2
+'&1—wa ? (cos“pcos Wo +sin%psin®w cos®s + sin“w sin"g
H
. L . 2 dr
-2 sinpcospsinw cosw coss)f4-§—
R I
3 2 ,...2 . 2 2 ~:2d
+_2q¢. Rf ; (sin“psin®g + cos B)fy 1~
H
3 Rly o o 2 s 2
+-2q—aRf ? (cospsin W +sin“pcos w cos8 + coswisin®g
H .
! o . 2 dr
+ 251nwocoswos1npcospcoss)f4-§—

where

blade's mass per unit length

=
il

au
-TC— evaluated at nominal value

—e

cl
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Ju
Uep = —C- evaluated at nominal value
aq2
IH = mass moment of inertia of the hub
IG = mass moment of inertia of the generator unit and gear box

Damping coefficient matrix of the rotor

R au W .
3 cl . Jo .. e dr
T [ e Rag (g singcosp + § cOspCosB) ¢
o R 1
H
P fR Q ;_c_l_g coSpcosw'singf dr
9 g B TR R VPP 0 1R
H
R au R W
- 3 e_¢ les dr 3 e o 2dr
€11 =1 - T [ ua R coswosmecos;;fl R "3 [ e =7 Sinefl g
o R ql o R
H H
R (r+u ) R W
3 e c 2dr | 3n t,cy2 ¢ dr
t [ weg—g—cosgeosof) -+ 5 | @) Wi v
= R R
H H
R W e, e u
t ¢ 2 1 mi . dr
Pl TRN VR R sinwg) ) R
H - a - -]



(3 62 dr
q, Rf Y] R3q1 (R singcosp + 'R‘COSDCQSB) T
H
. / ﬂ—ée cospcosw'singf, 3=
9 WETRT RSP0, 1R
H
R R
+g—'Rf uﬂs-pzsinssinwécosoflfzgﬁ
H
R (r+u_)
3 ] [od i s . dr
* a Rf W g —g—— simw/singcospf,f, =
H
12 7
R
+§—RI uﬂ(-:-)zsmpsmw f f -g-':
® H
-3 fR 2 g-cosw'[f2 $ingCOSp + = cospcos )f f! dr
g KR o'R Bcosp + x cospcosg)f,f, 3
H
R (1,-1,)
3 2 3 j i ' ' . dr
q Rf T ﬂ($1noS1nwo-COSpcoswocoss)flf2 T
H
RF Y e M
1 : d2y iyl Um1 dr
L+ 3 RI v (Rgcosw'fy - R(—g=)simw) (=, -~ = simi}) =
H
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(6
q,

-3

L+ 3

6
-.q_ fll
mRH

Ry

+ sinpcospcosgsinw )f1f3 g—

R (r+u )

R au. (r+u)
c c 2
f 8 may (—cos
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f (%) (51'npc05951'nas1'nw6- 51”3C°55C05W6(1-sinzp))f1f3 _g_r

W
Q -E—Fg{coswc')(si n23+s1'n2pcosze)

6 e 2 il es . dr
+ T R{l u g —x—— (cos psinw +sinpcosgcospcosw)fifs o=

0 e s ; dr
- (g~ coss - g sin8) sinpcosp)fs o=

s R (113 o dr
a—- {i —Rz—ncos;as1n@[s1n;>s1nwo-cos‘;cosw(;cose)1’1f3 T
R [Nud) "o ! .ml dr
Rﬁ ((Tcoswo+ -\/-:smwo)cos;)sms)Fl(-R—fl- -R—-s1nw )fs
Re e u
3, . N N 1 _ml dr
R{{ T (51nps1nwo+c05ps1nwocose)Fl(T fi- g simw )f; 7=
R w, (r+u ) e U
1 _ml dr
R{{ (V_ sinp -—rcos;)coss)Fz( fp - g sinw )f; ¢
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R au W
3 cl "o dr
a:R{' ”QF_Z(T singcosp +-§COSpCOSB) l
R u. R R .
+a3- fuﬂ—-%-—ﬁ- smscosﬁzr f uQ (E—)Zsinpsinwéflfé
™ RH H
R (r+u )
3 e <’ . _— , dr
*’a‘:Rf W g —g—— singsinw f,f; o=
H
+ 3 e Rs
a— f % 7 singcosgsinocosw flfzr
H
R 3u
3 c e Vs dr
- q—-Rf ug ﬁqz ¥ cosw;sinscospf, o=
"y
N [ e —e-cosw'(& singcose + = cospcosg)f,f! dr
T, R R Sinecose g cose 127
H
-3 IR Qg-e-sinw'sincosff dr
I g MRORSTMGINECosel Ty 1T
H
R 1
3 1 ' dr
+ a:R{{ Fg“(“”osmw -COSpCOSW coss)fleR—
R W e R U
t e 2 S . m2 . Q{:
+3Rf V:ﬁcnav:(erCOSW - g sinw )flR
H
R au W
3 c2 ;0 e
a:Rf uQ "5 (R singcasp +§c05pcossj =
H
R G0 ., R
3 c2 s
+E—RI w2 —g= ¢ singcosef, =
* "H
RF Y ' R g
1 1 d2 . t S 1 mz . ]
+3 ] T (Rscoswofz- R(-—R—-)smwo) (= focoswy - = s1nw0)
H -
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dr
T

dr
R



24

141

R

6 "o fs . . 2 dr
—q f QT 7 (s1n23+s1nzpcos B)fofs g
H

- Rn-e-fisi cos l-sinz)f dr
q M RT sTnecoss( o)ffs 7
H
= Rf ““ia‘q( R cos% - (g cosB - sing)sinpcose)f, 5
* "H
R (r+u ) R
-g—- [ ua R < RS STanOSBf2f3-R—-
o R
H
R(1,-1,)
LI f2—3s‘z[s1'npc059cossc052w'
q 2 0
o RH R
. d
+ sinw cosw’(cospcos 8 - sinp)]f fy 2=
R (r+u ) W R

. [o f S '
3 f [ v coswécos‘;sma T s1nwoc05pcos¢3]Fl(P— fzc:oswO
H w

m2 d
-5 sinw ]f3-R—

-~

R e3 wo
BR{i [-\C (51'npsinwéﬂososinwécoss)Fl-(—V; sinp
(r‘+ud) R u 2 4
- cospcoss)Fz](R—s fzcosw - ——E— sinw ) 3 Rr



317

32 7

33 7

142

R W e, (r+u )
tc 2 m , .
3 Rf 7T ® Gy V1R coswicospsing
« aQa
H
W

0 . . ; dr
+ g sinw cospsi ns]f1f3 T

e, (r+u) W
o 2 m . 0 _.
7 Ct -v:( R CoSpSing -ﬁ—smp)flf:”-z—

(%)2 '(\:l: (51‘npcosw(')ﬂ:ososinw(‘)coss)flf3 .g.'l

Fl . (r+um)
3 [ g (Rgeosw fy - U simw )(— cosw cospsing
H

d2 o)

x

O cinw’ . dr
+ g sinw cospsing)fy o

3 -R Fl R w'f,-U inw' il- (sinpcosw +cospsinw cosg)f dr
Rf T (RgeoswofamUgpsimng) 7 PLOSW,TCOSpSTM, 3R
H -
R G (r+u_) W
1 N . m . 0 _. ar
3 Rf IR (Rocosw f =i ,simw})(—¢— cosesing - ¢= sinp)fy ¢
" .
R (r+u ) W,
3 Rf N6(— COSW COSpsing + = sinw cospsing
H
+ i (sinpcosw'+cos s1'nw‘coss))f2 g
R P 0 o] o 3R

R (r+um] o 2dr
3 [ He( R CoSpSing -R—Sinp)f3§—' +CG
R
H
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C34 = 0
Cap =C4p = Cg3 =0
where
(r+u) w
{ cosw'cospsing + =2 sinw'cos sing}F
V. o P Vo2 e TP 1
N6 =
e, Wy (r+u )
- v—{sinpsinw5+c05psinwécoss)Fl +(V—-sinp - ——Wr——-cosocose)FZ
(r+u)) w
( d cosw'CoSpSing + —> sinw'cos sing)G
v, 0 ° v 0 7>P 1
H6 =
e, W, (r+u )
- V—{sinpsinw$+ c05psinw$coss)G1+ (V—sinp - c05pcoss)62
CG = Slip rate
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~fw
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(reup)

/ (N4)(R singcosw] + Rm sinpsingcosw

+w—°s1nw s1n sing)f g2 dr
R e 4R

2dr

[ (N4) R—l (sinpsinw/cosg - cospcosw ]fy o=

(r+um)

Z : ] : i ]
[ (N5)(g (sinocosgcosw +sinw cosp) + —p—— COSBCOSW

Ry

rojw

rjw rofw

rojw

rojw

| w

R

R

R

J

W

+R—°s1’nw dr

i 2
ocoss)f4 T

R e1
[ (N§) == sinw Jsinef

H

2—-
4R

R (r+u_) W
[ (1) (% cosg +—p M sinpcosg + 'R—OCOSp)fi QRL
H

R (r+u )
/ (HS)(R sinpsing + R m sing)f
H

dr
R

PN

R . (r+uy)
/ (Nl)(ﬁ singcosw) + —¢ sinpsingcosw]
H

p 0]
qq R

W
0 . " . _l_\l_ dr
* g sinw sinpsing) =— f, ¢

[=1

R e, . r
[ (N1) z= (sinpsinw cosg-cospcosw )-R— fo 5
H

Q

0

R
/ (Hl)(% cosg + (r;-u ) "
H

(o8

; 0 N r
sinpcosg + 5= CQSp)R— f4 .

R . (r+u)
[ (N)(% (sinpcosgcosw  +sinw cosp)+ —g—— COSBCOSW]
H

0 i N, odr
+R—s1nwocoss)R f4R



e r
3 1oooves o N dr
+5k, RI (NL) g=simw/sing —f, g
94 "y
(r+u) r
+%k [ (H) (%Sin051'n8+ Rm sins)%‘-f‘l%’;
H

g R

Stiffness coefficient matrix of the rotor

/ w22 -:—2- cosw'2(51 na+si nzpCOSZB)fi dr
H

2(%} 2C05295'i nzwéffl2 _g_r

/ w2 %TRE' singcosg( 1-si ﬂzp)fi %C
H

(r+u )
2%— R < sinpcospsingf

N

3 dr
q—f & C
H

R u
3 2. 2 ¢ 2dr
T o) weoselmg) T

R 5 (r+u) W 22y
¢ 2 0 e_. .
[ ™ (—g——=<o0s"- Fsinocospcoss+ ﬁsmpcososms)R
3q
H

2 3 Qz(si MpSinW -COSPCOSW COSB

R (I,-I
2 "3/ 2.2 (i 2,¢2dr 3
[ ——=—a cososingfy o= + &= [
H R eoRH R

R Qe u

-3 [ = F,(sinpcosw +cospsi nwocose](-ﬁ—l- - —E'l- sinw )f

R

Q‘

H

0

N

1
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dr
R
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3u e

QR Y4 . ' L
-3 IV (maqp) (eoswgospsing Fy+ cospcoss Fp)(p=f)
H

dr
2R

_olw
x *—
=
el
[\
—
o
TN
w
-
p 3
h o)
O
o
[7,]
hos)
wn
—
3
b3
Q -
N
—
)
w
—
po |
©
s
[}
wn
—
=
he)
(9]
o
w
©
w
—
3
w
s}
o
wn
X
L
-4
—
.

R e Rs 2 2 2
% 7 (cosw!(sin“g+sinpcos 8)

dr
+ SinpCOSpCOSRSTNW )flfz E

W
2 %RQ (sinw(si nlg+si nzpCOSZB)

.olw

f ua
Ry

Qo

- 5 r
k12a = 3 - si npcos;)cosscoswo')flfé

:ol

(r+u)
[} . . i 2 ' ! _d_l"
— (s1npc059coses1nwo-cos pcoswo)flfz R

b ol
=
L}
o ®

2
R 3 u (r‘+u ) W
3 Qb C ¢ ¢l c8 0 [ : dr
E‘ f aqlaqzk R C0S p =~ (R COSB - R s1n3)s1npcoss)—R
H

R auC auc 2 dr

9 Ry Raa; Raq,

3 R{I05) o , - .
- . —Rz_ 2°cospsing(sinpcosw + cospsinw cosg)f,f) o
® Ry
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R e U
+ 3 Rf (N7) (TfL f - -{%l sinw,) %?:
K1ap = HR . e
ml . ., dr ml g dr
+3 Rf N, Rag, SiM™o Rt 3 Rf Ny R cosw, fo 7
H H
where
- (r+u)) .
((51npcosw6+c05951nw6coss](l-a)fé -9 T sinw cospsingf,
au
R o
+ v Cosw cospsing Raqz)Fl
R Qw
N7 = aR + 2 cosw6c05psinsfé

S i .
(-\C R Sinw cospsingf,

Vﬂ

Qe
3 /.. N )
+ v:T-(s1nps1nwO-COSpcoswécoss)fz)Fl
3 R du
QR s . ar
+ (v°° R Simef, - T R, COSpcose)F2

i N = [(VEJZ % C,] evaluated at nominal value

137 14

21 ~ "l2a 21b

H = [(VEJ %-Ct] evaluated at nominal value



21b

22

148

R
. ' s S 1
3 f V——(s_1npcoswo+ cososmwocoss)Fz(]-‘r-coswof2
H

u
me

- dr
- T-smwo)fl T
R Ra Y4 Rs
+ 3 RI V;‘ (W)(cosw(')m ngF - COSBFZ)COSQ (T cosw,f,
H
u
me .. .y dr
- sineg)
R su R U
m2 _. ., dr 5 . m2 _. o,y dr
+ 3 Rf NO ml- S'an0 P— -3 Rf F4(R— COSWOfZ - —R— s1nw0) T
R R
3 2, 52, . 2 2.2 y:2dr
- ERI w2 (gD (sins + cosasinp)f; =
H
R Ju
3 2...2 c 2 dr
H
2
R, 37u. (r+u) W
- 3— Rf ua2 ch- [TC cos’p - (§9- COSB - % sins)sinpcos‘a]?rr-
oo aq
H 2 .
R (1,-1,)
+ 3— Rf _1R21-Q C052W5(51nzp-COSZQCOSZB)f'ZZ %‘-
* "H
R (I,-1,)
12 1°3/ 2. N . ,2 dr
+ 3: . —Rz—n s1npcos;)s1nwocoswocossf2 e
H
+ _3__IR El f||2 dr
@R, j% 2R
H
R R U
+ 3 Rf (N7) (-R—S focosw, - —gﬁsinwé) %—
H
R R dr R aum2 . dr

S cipw'fle dr .
3 J Ny = simw fof, o=+ 3 RI N, ﬁ-q—z-smwo T
H H

m2 ver dr
3 f NO —R—' COSWsz T
H
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31

24

(reug)

R ge
3, . , . , .
3Rf U (s1npcosw0+ cos;;s*anwocoss)FZ(———R cosw cospsing
H

W e
0. : 1. ' - dr
+ g sinw cospsing + z~{sinpcoswy + cospsi nw cosg))f fs x—

R qe, (r+um)
3 V——(sinpcosw6+c03ps1'nw5coss)62( =—— COspsing
R, =
H

W
o _. dr
- g st np)f1f3 T
RQR u : "o
3Rf [—V-: (W)(-coswom ngF + cossFZ)c059+F4] (-§-51nw0c05ps1 ng
H
r+u & dr
+ (—g)cosw cospsing + T{sinpcosw + cospsimw cosg))f; o
R aR aud
3 Rf [K{ Raql)(-cosw051nsG1+ COSBGZJCOSQ
H
(r+u ) w
+ G4]( R M cospsing - Rﬁ- sinp)f3 %‘-
R au R du
m , . dr m dr
3 [ N Woswoc05p51nef3 = -3 [ H WOSDCOSBf:S R
R 1 R 1
H H
R

e
1o : - dr
Hy 7= (s NpCOSW +C0Spsi nwocoss)f1f3 =

3 J
Ry
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R (reu ) W

m 1 . —O. . ' .
RI (N7) ( R cosw cospsing + g s1nw0cosos1ne)f3

H

Q.

r

]

R e
1 : 1 ; 1 dr
3 RI (N7) == (51npcoswo+c05951nwocose)f3 T~
H

R (r+u ) W dr
3 f (H7)(Tmcos;>s1'n3 -%sinp)f:%?—
R
H

R aum d
-3 [ N -—a;COSWC')COSpS‘iRBf3—RL

3 [ N(—g=fy - = f,)simlcospsingfy 9L

w
0 ) : g dr
-3 Rf Ny T cosw cospsingf fy o

H
R

e
Loes o ' e dr

/ N, 7= (sinpsi W ~COSPCOSW CO se)fofs 7

H

R

R aum dr R Rs dr
3 J H, oo cospcosgfy g— + 3 J Hy 7= sinef,fo 7=
RH 2 RH

1]
(o]

[}
x
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R . (r+u )
R/ (NZ)(ﬁ singcosw + —p—— sinpsingcosw,
H
W
0 i s . 2 dr
+ g sinw/sinpsi ne]f4 .
R e
1, . L el dr
RI (N2) == (s1nps1nwocoss-c03pcosw0)f4 e
H
R . - (r+u ) :
Rf (N3) (&l s1npcosscoswo+s1nwoc05p)+ —]—— COSBCOSW,
H
o . 2dr 3 N ! . 2dr
‘v s1nw0c:oss)1‘4 7 Rf (N3) T s1nwos1nsf4 T
H
R (r+u ) dr

%Rf (H3)(5R-sinps1‘n3+ Rm sins)fi-R—
H

R (r+u ) w
2 m’ . 0 2dr
Rj (H2) (g cosg + —p—— sinpcosg + g cosp)f, 7=
H

o} wo

3. R L . (Hum) . .
vl Jq4 Rf (Nl)(ﬁ singcosw + — sinpsingcosw
H
W r
O s 4. . N dr
tx s1nwos1nps1ns)R— fr v
R e r
3. 1 . . N dr
= Jq4 Rf (N1) &= (sinesinw/ cosg-cospcosw )p— ) 5
H
R (r+u ) W r
3 . L m . 0 N dr
v Jq4 R{{ (Hl)[ﬁ cosg+ —¢ sinpcosg+ o— coso)R— fa
3, (R (s s imiicoss] e Lem) '
Z %, R{_{ (N1)(z (sinpcosgcosw; +sinw cosp) R—— COSBCOSW,
wo e]_ r‘N dr

. .
*R-'S‘”WOCOSB'p—smwos‘”ﬁ)r‘fo,W‘

R (o)
3 . . .
7k f (Hl)(%s1nps1ns+ Rm sing)
H

f

N dr
R 4R



152

Forcing function vector

R 2,842 2 . ) ) dr
[ wa"(g) (singcosgcosw (1-sin p)-sinpcospsingsinw/)f, o
H

W
R—° (coswc')(si n25+s1' nzpcosza)

. : dr
+ ! ——
sinpcospcosgsinw )f, ¢

R e (r+uc) 2 . . R i dr
[ ua TR (cos p51nw0+s1anOSpC0$6C05W0)f1 re
H

01 (r‘+uc) W

[ WS— (T_ COSZQ— R—O- sinpcospcosg
1
H

&

‘ . . dr
* 3 sinpcospsing) e

2

. . . dr
] ]
5 §05ps1ns(s1nps1nwo cos;;coswocoss)fl R

R w R

/ w22 R_s (R—O(sinzs + sinzpcoszs)+ ﬁisin;acosacoszp)f2 %f-
H

0|

‘ R, (r+u) R
‘ —é—f uQZ RC ﬁ-s-sinpcossfz%r-

R ,au_ (r+u) W

2 ¢ C 0. e_. . dr
0 = q [ ua m—Z{_R-_COS p- g sinpcospcosg+ ﬁS'lﬂpCOSpS'lﬂB)T
H

QZ(S‘inp cosuosecosZw(‘)

i
. . 2 .2 , dr
‘ , + S'anOCOSWO(COSZpCOS B -sin"p))f5

R R u

3 El .2 dr s v__m2 .oy dr

-= " f5" g + 3Rf No(g™ focoswo- —x sinw ) 7
H

H
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R (r+um) Wy
3 5 N_{ R cosw'cospsing + s—sinw'cospsing
R 0 0 R 0
H
- 1 . , - dr
G03 = + ﬁ—-(smpcosw0 + c05951nwocoss)}f3 n
R (r+u_) W '
. . d
+ 3 Rf H0 ( R m cospSing - ﬁg s1np)f3 ﬁt - nGTG
H )
where TG = generator torque at nominal speed
0
ng = gear box ratio
Gpg = O

Yaw moment due to tower shadow

R L (r+um) . R - wo s s .
! (No){(§'+ R sinp)singcosw, + p= sinw sinpsing
H

3
27 R

14

1 A

_ , e s dr
M, = - ——(cosc;cosw0 - s1nps1nwocose)}(2$1n2) 1 7

<
|

R (r+um) dr

"

% . 0 Y dr
Rf (HO){ g Ccosg+ —x— sinpcosp + ﬁ—COSp}(251n§9 f1 R
H

3
2n

where My is the yaw moment in the tower shadow sector normalized by

dynamic pressure.

Note: the computer codes in this dissertation will calculate CQO

instead of My, where CQ0 = - My/{%; (ZSin%J}'
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Summary of symbols used in this section

€1

2

3

N1

N2

N3

blade's radial displacement at center of mass

blade's radial displacement at mid-chord

blade's radial displacement at 1/4 blade chord

u
N

at
au
—1 evaluated at nominal value

]

n = C,d,n

1,2,3,4

-
[}

distance from mass center to shear center of blade cross
section

distance from 1/4 blade chord to shear center of blade cross
section

distance from 3/4 blade chord to shear center of blade cross
section

distance from mid blade chord to shear center of blade cross
section

blade's mass per unit length

=

(vgﬂz C, %- evaluated at nominal values
Mo, 2 ¢
(7 ¢, 5  evaluated at nominal values

(sinpsinwé-COSpcoswécose)Fl - CQSpsinst
'
coswos1nsF1-cosaF2

cospsSinw'+sinpcosw’ F.+sinpsingfF
(cospsinw +sinp oswoco§s) 1*sinesingF,



N4

NS

N6

N7

. (r+u,) W,
[ - N - .
(7~ singcosw; T sinpsingcosw, v:?1nw

0

e
3 e et
+  — -
7 (cos,:cosw0 s1nps1nwocoss)F1

(r+u ) | W
- (%: cosg + —y—— sinpcosg + VQ-COSp]FZ

, (r+uy)
(sinpcospcosw + sinw cosp)+ ——— COSBCOSW +

(

<|t°

e

: 3
v s1nwos1n3)Fl

(r+u))
+ (%—-sinpsins * =y d sing)F,

(r+u ) W

N [o] . N
‘ i + — w'cospsing)F
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The expressions for H1, H2, H3, H4, H5, H6, and H7 are the same as N1,
N2, N3, N4, N5, N6, and N7, respectively, except F1 and F2 in Ni terms

are replaced by G1 and G2 in Hi terms.
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YAW STIFFNEST COEFFICIENT

V.1 Yaw Stiffness Coefficient

157

The expression for the yaw stiffness coefficient can be expressed

into three terms according to the sine of the coning angle. They are
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R R (r+u )
2 dr 3 m 2 dr
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and
N2 = coswosmBF1 - cosBF2
N8 = coswocossF1 + s1nsF2
H2 = coswosmaG1 - cossG2
H8 = coswocosBG1 + s1nBG2
L. el
LL1 = ﬁ-smscosw0 - ﬁ—-coswoc05p
2 (r+um) wo e1
= % : ' 1 s [ - —ted ted
1 LL2 R COSpSinW + R cosecosw0 + R s1nw0cose R s1nwos1ns
* (r+u_) Wy e
LL3 = R s1nscoswO + §-51nBs1nwo + ﬁ-cosssmwO

V.2 In-Plane Force and Qut-of-Plane Force

The in-plane force is referred to the force tangential to the rotor
| plane and the out-of-plane force is referred to the force normal to the
rotor plane. The yaw stiffness coefficient developed in this disserta-
tion is based on the forces and moments in the airfoil's coordinates.
However, the components of the force in the airfoil's coordinates can be

related to the components of the force in the rotor's coordinates by

| G = &6 Aﬁi + GBFTX (2)
; Fy = FDH_Z_ (3)
i where

GA = Ncosw'sing + Hcosg

GB - = -N(cospsinw' + sinpcosw'cosg) + Hsinpsing
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F = N(-sinpsinw' + cospcosw'cosB) - Hcospsing

Here N and H are the forces expressed in the airfoil's coordinates:
normal to and tangential to the chord line. GD and FD are the in-plane
force and the out-of—p]ane.force, respectively. ﬁx’ il’ and ﬁz are
the unit vectors in the coordinate system 53x)g_de;%ned in App;hdix I.
The expression for the yaw stiffness coefficient can be rewritten
in terms of the in-plane force and the out-of-plane force using Egs.
(2) and (3). Let us consider a simple case: a rotor with no conning
angle, no variation of the axial induction factor with yaw; no offset
distance from the shear center (e1=0), and no explicit contribution

from the flapwise deflection. The expression for the yaw stiffness

coefficient becomes

- 3 L 2 dr 3 r 2 dr
kg = 70 SrRfar Tz farfaw (4)
Ry Ry
where
Gy = {(cosw‘osineF1 - cosst)coswosine +(coswos1nBG1 - cosst)cosB}
+ {(s1nwOF1)s1nw0}
FA = {(;inwoFl)coswécosB - (sinwan)sinB}

Here GT is a component of the in-plane force coefficient and FA is a

component of the out-of-plane force coefficient.
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APPENDIX VI
COMPUTER CODES

Two FORTRAN computer programs, PROP code and AERO code, are
developed to handle the numerical values of the coefficients of the
equations of motion. The AERQ code uses a simplified 1ift and drag
curve for a four-degree-of-freedom system while the PROP code uses an
actual 1ift curve and only emphasizes on the yaw equation. Both codes
will calculate the axial induction factor along the blade at a particu-
lar tip speed ratio. At the same time, they also calculate the integral
terms for the variations of the axial induction factor with yaw and yaw
rate. Finally, the codes calculate the coefficients in the equations of

motion ( mass, damping, stiffness coefficients, and forcing function ).

VI.1 PROP Code

The PROP code in this dissertation is a modified version of the
original PROP code developed by Wilson [21]. The original PROP code
uses the modified strip theory solving for the axial induction factor,
thrust coefficient, and power coefficient. Besides these features from
the original code, the new PROP code also has the following features:

1) it is written in the FORTRAN V computer program language.

2) it uses the Glauert relationship [4] instead of the momentum
theory to calculate the axial induction factor when its value
exceeds the critical value.

3) it calculates the variations of the axial induction factor
with yaw and yaw rate.

4) it uses the iteration method to calculate the static flapwise
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deflection.

5) it calculates the coefficients of the equation of motion in

yaw.

Input Data

The input data for the program consists of two parts. The first

part of the data is stored in a computer data file (Tape 60). The

second part of the data is inputed to the program through the terminal.

The parameters to be inputed in a data file are

R
HB
DR

THETP

HH
GO

HL

APP

XETA

radius of blade, ft

hub radius, ft

incremental percentége (percent of radius for integra-
tion incremental)

pitch angie, degrees

number of blades

altitude of hub above sea level, ft
altitude of hub above ground level, ft
tip Toss model controller

Prandt]l

Goldstein

no tip loss model
Mostab tip loss model

W= O

hub 1oss model controller

0 none
1 Prandtl

angular interference model code

0 angular interference factor calculated
1 angular interference factor set equal to O

velocity power law exponent



163

TH blade maximum thickness/chord
ALO angle of attack for zero 1ift, degrees
AMOD axial interference model code

0 standard

1 Wilson
NF number of input stations for blade geometry
NFS number of data points on 1ift and drag curve
NPROF NACA profile or profile subroutine

4415 NACA 4415
0012 NACA 0012
8888 data inserted in tabular form
9999 NACA 64,-421
RR(I) percent radius for stations
CI(I1) chord for stations, ft
THIT(I) twist angle for stations, degrees
AAT(I) angle of attack, degrees
CLT(I) coefficient of 1ift data
- CDT(1) coefficient of drag data
The parameters to be inputed through the terminal are pitch angle
(degrees), tip speed ratio: minimum, maximum, and increment, rotor speed
(rad/sec), conning angle (degrees), blade shear center position given as
the ratio of the distance from the blade leading edge to the shear cen-
ter and blade chord (esc), position of center of mass for the blade
cross section given as the ratio of the blade leading edge to center of

mass and blade chord (xcg), location of the yaw axis (YL, ft), modulus

of elasticity (AE, psi), and modulus of shear (AG, psi).
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The output for the program is on a tape file entitled TAPE 61.

On

this file are written both the program operating conditions and program

output. The following are the output quantities:

PCCR
A

CL

cD
PHI
ALPHA

RE NO
CT
cP

Qs

Tocal distance on the blade, r/R

axial induction factor

1ift coefficient

drag coefficient

summation of angle of attack and twist angle, o + 8
angle of attack, degrees

tip loss factor

Reynolds number

thrust coefficient for a rigid rotor

power coefficient for a rigid rotor
non-dimensional static tip deflection (final value

after the iterations)

The coefficients of the equation of motion in yaw are

ZMDD
ZCDD
ZKDD
cQo

SKDEL

SJDEL

mass coefficient

damping coefficieht

stiffness coefficient

yaw moment coefficient due to the tower shadow per
unit shadow width

coefficient accounting for the variation of the axial
induction factor with yaw, kY

coefficient accounting for the variation of the axial

induction factor with yaw, jY
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SKRDEL coefficient accounting for the variation of the axial
induction factor with yaw rate, k;

SJRDEL coefficient accounting for the variation of the axial
induction factor with yaw rate, j;

CPAA power coefficient for a rotor with flexible blades
(accounting for the flapwise deflection effect)

Given the values of the shadow width and the velocity deficit,

the yaw forcing function can be obtained from the relation

B 2 . A
Ggg = o= {coolx1 - (SF) Caol, ¥ 2 sing

where
A = width of the shadow sector (degrees)
B = number of blades
SF = correction factor due to non-dimensionalized value at

different tip speed values { =1-(%velocity deficit)/100}
X = tip speed ratio considered
Xy = tip speed ratio of the shadow sector : Xo = (SF)x1
VI.2 AERQ Code
The AERO code uses a simplified 1ift and drag curves to calculate
the aerodynamic loads. The 1ift curve is approximated and can be des-
cribed in a simple yet fairly accurate form by six parameters. The

curve consists of four straight line segments as follows:

CL = 21rmsin(a+ao) ¢ < GCL
max
C = C a <a <
L L C BR
max Lmax
0L = ¢ 9gR < & < %gtaly

flat
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. sin(%-- a)
c, = ¢C a>a
L L .o stall
flat s1n(2 - “sta11)
The six parameters are
m - Tift curve slope divided by 2«
a, - zero 1ift angle of attack
e - maximum 1ift coefficient
L

aBRmax - angle at which CL drops to CLﬂat
c - an approximate to the average C, on the far side of the
Lf1at L

CL curve, this can be adjusted up and down depending upon
the characteristics of the airfoil

. angle at which C, begin to decrease

L
The drag coefficient curve is also in multiple sections. Below

e , the drag is given by the following:
L

max _ a n
CD—CD(1+CQ(Q ))
0 CL
max

where Ca, n, and CD are constants determined by the airfoil character-

0
istics. If a > ac the drag coefficient can be represented by a

max

single curve fit or a series of curve fits.

The axial induction factor "a" is calculated by equating momentum
flux to blade force. There are six possible intersections of blade
force and momentum relations due to two regions on momentum relations
and three regions on blade force. Two regions on momentum relations

are the region of parabolic curve when "a" < "a " and the

critical

4 3 na it " " 3
straight 1ine when "a" > pitical Three regions on blade force are

the linear slope curve where the angle of attack is less than the angle

at the maximum 1ift force, the flat part of 1ift curve (C, and C )s
Lmax Lflat

and the 1ift curve in the stall region. Once the particular region is
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identified, the solution is a straightforward procedure of finding
where the momentum and blade element curves intersect. These inter-
sections of blade force and momentum relations are shown in Figure V.1.
A subroutine and two functions are developed to handle the inner
integral term of the double integration. The inner integral terms are
terms involving the derivative of flapwise deflection (radial displace-
ment and its derivative). The composite Simpson's rule method is used

for the numerical integrations in the code.

Input Data

The input data for the program consists of the physical character-
istics of the wind turbine itself. They consist of physicalvairfoi1
data and operation variables. The physical airfoil data and operation

variables are

BCRR chord to radius ratio at blade root (Bc/R)

B number of blades

EM slope of linear portion of 1ift curve/2w

DRR dr/R

XMIN tip speed ratio to start program

XMAX last tip speed ratio - used to end the program

DBX the increment of tip speed ratio

CD ZERO  minimum 1ift coefficient

CL FLAT 1ift coefficient on the horizontal portion of the
1ift curve

CL MAX maximum 1ift coefficient

ALPHA BREAK angle of attack where the 1ift curve changes values,

from the maximum value to CL FLAT, degrees
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case 1 case 2 case 2
&
S
&
N €
i |
4 : G | Cr :
l | ]
1 ] ]
| 1. | .
0 0.5 1 0 0.5 1 0 0.5 1.
a a a
case 3 case 4 case 5
‘ | !
Cr } Cr ! Cr :
!
| | !
| . 1. [
0 0.5 1 0 0.5 0 0.5 1.
a a a
case 5 case 6
C i C
T l T {
| |
! 1
R L
) 0.5 1 0 0.5 1
a a

Figure V.1 Regions of operation for momentum calculations.



ALO

AST

SI

PITCH
BETA ROOT
DBETA

RT

DCND

RC

RH

ESC

XCG

OMEGA

RHO
YL
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angle of attack at zero 1ift, degrees

stall angle of attack, degrees

coning angle, degrees

prepitch angle, degrees

pretwist angle at blade root, degrees

(aroot - gtip); twist angle change, degrees

local ‘radius at twist angle change from linear to
constant twist

(c/R at chord change - c¢/R at tip), chord change
ratio

Jocal radius at chord change from linear taper to
constant chord

hub radius

blade shear center position given as the ratio of the
distance from the blade leading edge to the shear
center and blade chord (eg/c)

position of blade cross-section's center of mass
given as the ratio of distance from blade leading
edge to center of mass and blade chord (xcg/c)
modulus of elasticity, psi

modulus of shear, psi

rotor speed, rad/sec

air density, slug/ft3

distance from the nacelle yaw axis to the center of
the rotor, ft

blade tip radius, ft

number of integration steps in subroutine
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The output for the program is on a tape file entitled TAPE 1. On

this file are written both the program operating conditions and program

output. The following are the output quantities:

Qs
cp
CT
Mnn

Cnn

| Knn
HP
HF
SKDEL

SJDEL

SKRDEL

SJRDEL

For nn parameters

P

F

nondimensional static tip deflection

power coefficient

thrust coefficient

rotor mass coefficient where nn is the indication of
which variables it represents

rotor damping coefficient

rotor stiffness coefficient

rotor forcing function of pitch equation

rotor forcing function of flap equation

coefficient accounting for the variation of the axial
induction factor with yaw, kY
coefficient accounting for the variation of the axial
induction factor with yaw, jY

coefficient accounting for the variation of the axijal
induction factor with yaw rate, k;

coefficient accounting for the variation of the axial

induction factor with yaw rate, j;

generalized coordinate in pitch
generalized coordinate in flap
generalized coordinate in speed

generalized coordinate in yaw



If the code is not
on the output list,

PCR

A

PHI

BETA

ALPHA

cL

cD

BCR

CcpP8

CTB
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suppressed, additional output quantitjes are printed
They are as follows:

local distance on the blade, r/R

axial induction factor

summation of angle of attack and pretwist angle

pretwist angle

angle of attack

1ift coefficient

drag coefficient

Tocal chord to radius ratio, Bc/R

power coefficient

thrust coefficient

For the tower shadow part in yaw equations, the additional quantities on

the output list are:

SMnn

mass coefficient in shadow region per unit shadow

width/ (B/2r)

GCnn

SKnn

€Qo

damping coefficient in shadow region per unit shadow
width/(B/2r)

stiffness coefficient in shadow region per unit
shadow width/(B/2r)

forcing function per unit shadow width generated from

the shadow/(8/2r)

The quantities from the tower shadow effect will be calculated when the

magnitude of the velocity deficit is given. For example, if the veloci-

ty deficit value is 50%, the forcing function at tip speed ratio of 2

due to tower shadow is given as
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¥
14
3
¢
W
u il

>
"

SF

2 .
[CQo|, ., - (SF)" CQU|,_,]2 sin %
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width of the shadow segment (degree)

number of blades

tip speed ratio

correction factor due to nondimensionalized value at

different tip speed value {= 1 - (% velocity deficit)/100]

For the gravity effect, the gravity forces on the pitch equation for a

single blade are listed as the components of sine and cosine of the

azimuth angle.

GNCOS

GNSIN

GPCUS
GPSIN
GF;OS
GF SIN
GOCOS

GOSIN

Cosine component of the forcing function due to
gravity

Sine component of the forcing function due to gravity
Cosine component of the k;;, of a single blade due to
gravity

Sine componet of the ky; of the single blade due to
gravity

Cosine component of the ki, of a single blade due to
gravity

Sine component of the ky, of a single blade due to
gravity

Cosine component of the k;; of single blade due to
gravity

Sine component of the ky3 of a single blade due to

gravity
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The properties of the blade and shear center position are also listed in

the output
ER =
£l ;l
E2 ;3
AE Modulus of elasticity, psi
AG Shear modulus of rigidity, psi

The integration step sizes are shown as

N Number of integration step sizes used in the main
program
M Number of integration step sizes used in subroutine

(double integral)

Note

The code does not calculate some of the terms in the expression of
the coefficient of rotor equations of motion. These terms have to be
calculated by hand then added to the results of the computer code.

These terms are

Cg 1n C33 s 6, 03

+Nn:1.) f% in maq

.le—'
N
—t
o
o
(3]
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VI.3 Sample Cases

The Grumman WS33 and the Enertech 1500 are used as test cases.
The physical characteristics of both rotors are needed as inputs.
Some simplifications of these data must be made to use in the computer
codes. Some parameters for the simplification schemes are presented

in this chapter.

AERO Code
With the 1ift curve defined in Appendix VI.2, the 1ift curve's

parameters of the Grumman WS33 and the Enertech 1500 are given as

for the Grumman WS33

m = 1.0

C = 1.08
Lmax

CL = 1.08
flat o

a = 1.1

Lo .

%R = 20

[o]

%stall 50

for the Enertech 1500

m = 0.89
C = 1.35
Lmax
CL = 1.0
flat o
a = 4.2
Lo .
ogR = 15
= 45°
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The drag curves of the Grumman WS33 and the Enertech 1500 can be

approximated in a series of curve fits. These curve fits are shown as

follows:

for the Grumman WS33

where

for the

where

Gy = Cp (1+30(a- ag)?) a < a
CD = 1.585 CD + 0.6(c - ay) oy <a<ay
0
CD = 0.06715 + 2.3(a - ap) ap<a<ag
- 2

T e a3

¢ = 4.5 Sinza oy <o
4/7 + sina

Cp = 0.0132

(o}

ai's are given in radians; By converting radians into degrees,
. [o}
the values of “1|S are given as follows: @y = 2%, a; = 10°,

ap, = 14°, a3 = 20°, and o, = 28° .

Enertech 1500

¢y = CDo( 1 + 53.81a% ) a<12°

C, = 3.36 cDo + (tana - tan12®) 12°<a<15°

Cg = 2.439 ¢ (tana)?" 1 15°<a<ay
flat

CD = CLf1attan: ap <a<m/y

¢y = ¢ sin‘a

D2 1 + sina

CD = 0.014
0
CD = 3.4142
2 7
a, = arctan {(Eéﬂl——— )‘8 }
L

flat
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For the AERO code, the combination of the effective radius and
Prandt] method is used for the calculation of tip loss factor.

The effective radius is given by

Rett _ B2/ 3y 172
R 82/3 + 1.2
and
Retr (8% 172 for % < 3
R B%/3x + 0.44

which was obtained from an empirical relation which expressed the
maximum power coefficient of wind turbines.

The tip Toss factor is expressed as

F = %-arc cos {ef)
where '
(1 -r/R)/(1 - R_-/R)
ef = {COS(OéT”)} Eff
PROP Code

PROP code uses the actual 1ift and drag curves of the blade
section to calculate the aerodynamic loads. The airfoil sectional

data of the NACA 64,-421 in a reverse position are needed for

4
analyzing the Grumman WS33 in a reverse position. Unfortunately,
these data are not available. But by studying the behavior and trend
of the aerodynamic characteristics of airfoil sections through

360 - degree angle of attack from references 9, 17, and 18, the Tift

and drag curves of the reverse NACA 644-421 can be expressed as.



¢, = 6.6463(a - a )
C,_ = .020255 + 11.9705a - 54.761a" + 136.0550
-144.5923 o - 13.2926a_
c, = 187.3277 - 2335.2577a + 10915. 946a°
- 22521.2787a° + 17287.811a" - 13.29260,
c = Sin2a 4 g 0252

L = 18 7m s sina

for drag curve

G T G (1% 200%)

Cp = 0.0225 + 0.6517(a - ay)

Cy = 0.068 + 2.2164(a - as)
.

o 3.78 17312%§THE + 0.0252

3
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a < o3

ai< o

Oo< O

oy< o

as< @

a > ag

Here “1IS are angles of attack in radians measured from the reverse

a2

G3

G5

Gg

side of the airfoil (i.e., negative angle of attack of the conventional

airfoil). By converting radians into degrees, the values of ;'s are

as follows: ay = 4°, ap = 17.7°, a3 = 20°, oy = 10°, os= 14°, and

Qg = 200-

VI.4 Computer Listings

The 1istings of the PROP code, the PROP code's output, the AERO

code, and the AERO code's output are given as follows:
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WILSON A 35 READ® o X MENy XHAX o DX
A 36 PRINT 55
eeeoH-~ALTITUDE OF WUB ABOVE SEA LEVEL - FY A READY (OMEGA
A 3 PRINT 56
eosoHH-~ALTITUDE OF HUB ABOVE GROUND LEVEL - FV A 39 READ®,ST
A Ne PRINT S8
seeed1=~CONING ANGLE - DEGREES A6 READ® +ESC oX3G VL
A W2 PRINT 59
wee oNF--HUMBER OF INPUTED STATIONS FOR BLADE GEOMETRY A 43 READ®,RE,AG
A G
veeo HPROF =-HACA PROFILE OR PROFILE SUBROUVINE A4S YL=YL/R
. 1S =« NACA G415 (Y XeXHIN
. 032 -~ NACA 0012 A7 VZR®OMEG A/ X
. 888 -~ DATA INSERTED IN FARULAR FORM A 4y 3 A 98
tesesecsss9999 -= PROFILE CURVEFIV TO 8E USED IN NACAXX A 49 g eveeses PREINTZINPUT AND FLTLES FOR OUTPUT ...ves A 99
A S50 .
ceee60-=TIP LOSS HODEL CONTROLLER A 53 CALL TITLES (RR,CILTHETL NF,SOLDY : :::
. ved = PRANDYL A 82 RHO=,0023769199%EXP (-, 297 H/ 40000,
. «el = GOLOSTEIN A 83 3 A 102
. «e2 = NO TIP LOSS HODEL A S5y s enesese INITIALIZATION ANO SONSTANT PARAMETER CALCULATIONS .ocess A 108
reesssssesd = HOSTAB TIP MODEL A 55 ] A 104
RS 108w = 200, A 105
+HL-=HUJ LOSS MODEL COMNTROLLER A 57 1=1
«0 - NONE A sS4 FUQS=13QS=0.
o1 = PRAMNOTL A 39 DRIZOR
4 60 1108 = -t A 106
seesBU-~MGSTAD TIP LOSS MHODEL PARAMETER LI 3 17 = 0.0 A 113
te = 0.0 L)

8.1



XTI

XMXX = baeu
XHYX = 0.0
U0s=8as=0.
ax = 6.0
AC=,38

ix = 0.0
£XxPL = 0.0
FYXP1 = 0.0
QY = 0.0

§v = 0,0

ey = 0.0
XMKY = 8.0
XHYY = 6,0
AstoP = 4,0
A= 1,0

AP = 00
CONTROL 2 3.0
Fx6 = 0,
F=0.

SI = Si*PI/180.

REF=R*COS ST

THESF = THETP®PL/180.

ALD=ALO®PI/180,

ALPHA=-ALD

RHO = 0.0023769199*EXP {-0,297%1/10000.)

VIS = 0,0000003719-0.00000000204%H/ 1000,

NNs{R-HB) Z/(R*DR} ¢1.,
RX = R

RLB = §1.-DRI*RX

DR = tRX-RLBITCOS(SID
ORD = DR

R = R*COS{51)

HA = HA®*COSISIY

RL = R

wesesss THREE PASS = NUMERICAL INTEZRATION FROM TIP TO HUB seevee

CAT = 1,

IF (60.EQ.2.) CAY = 2,
CLFA = 1.

IF (L0.E£Q.3.) SLFA = 0.0
IF (G0.LT.2.) GO 10 2

CALL SEARCHURL,RR,CIoTME TIoRF Lo THET, SHOOI)
CALL CALC tRL$3sTHET (FXXPSFYXPE ¢ XUXX o XHYX o QXs TN REJPHERICL 4CDWCX
ICV.A.AP.Xt.AK.ALPMA’f.CLFl.CIY.All.cll.CD“NFS.SO(O.IN.SNOD(.UQS.

sensy .

STAL D) =RL/R

AXICIN=A

ALPHIL) zALPHA

FaIGLIN=F

A= 2.0

CAT = 0.0

00 8 L=1,HN

TIP=G,
IF (IRL-HB).GEL.OR) GO TO 3
ASTOP = ASTOPsi,
1F (ASTOP,.GE.2.) GO T0 9
DR = (RL-HB
IF 160.LV.3.) 60 T0 8
JF (CONTROL.EQ.0.0) GO TO S
(IP = RL-DP
IF (VIP.GY.REF) GO ¥0 &
IF {CONTROL.EQ.2.) GO Y0 5

-

> BEBFREBRRARRRABRER >N rPEEEBEREEBRRPD

rPEEEEREEEE BEP

we

Un = {QL-REF)

CLFO = (PEF-1IPIZIRL-TIP)
CLF = .5°CLFD

SUNTROL = 1,

GoT0 S

CLF = 0.0

OR2 = DRZ2Z,

DT6 = DR/ (6.°COSISII)
DRRE=DT6/RX

RL = RL-OR2

IF (CONTROL.ED.0.0) CLF = 3§,
:: (CONTROL.EQ.2.00 CLF = (CLFOsl.}/2.

=1,

CALL SEARCHUIRL ¢RRGCIoTHETI NF oGCyTHET, SHOOSN

CALL CALL (RLICoTHET,FXXPZ (FYXPL  XMXXAPL XHYXPL 4OXP L, TXPL,RE,
PHIRJCLyCOD X CY A AP o XL o AK ELPHA , FoCLF, CAT JAAT ,CLT,COT (NFS,
SOLD, FHy SHODE +UQS1,8QST}

Kz§ed

STA{KIzRL/P

ANTEKE=A ’

ALPHIK)=ALPHA

FOIGIK)=F

RL = RL-DR2

If (CONTROL.EQ.0.0) CLF = ¢,

IF tCONTROL.EQ.2.0) CLF = 1.0

Ak = 0.9

CALL SEARCHMAIRLyFR4CI+THETI¢NF.CoTHET,SHOOZ)

4
s

CALL CALC (RLCoTHET s FXY JFYY  XHXNP  XMYXP yQXP 3 TXP (REPHIR,CL4CDy
CXoCVokoAP 4 XLy AK)ALPHAFyCLFoCAT oAAT (CLT 4COV (NFS,SOLD, TH,SHODE o

uus2,80521

KK=K$1

STALKKS=RL/R

AXTEXK)=A

ALPHIXK) =ALPHA

FUIGIKK) =F

1=KK

FXb = FXG+DF6¥IFXAPLO 4 PFXXPROF V)

AYX = OT6°4QX 4%, *QRP 1 ¢QXP)

ay = gveQvx

TY = FYSDTETETX04 PTXPLOTXPY

PY = PYCOMEGA*QYX
TUAS=TUQS+ORK6® LUASe 4 . *URST +UAS2)
1805=76QS+ORRE*(9QS+4 + *RNS1 +BQS2H

XHAY = XNXV4DY6® € XMXX 4o SXHXXP L6 KMXXP )
MYV = NXMYYOOTE® I XHYX ¢4, *XHYNP 1# KMYXP)
IF (CONTROL.EQ.2.) CONTROL = 0.8

1F (CONIROL.EQ.0.00 GO TO &

IF (tRL-TIP).E0.0.0) 6O TO 6

IF (CONTROL.EQ.1.} DR = REF-TIP

IF {CONTROL.EQ.1.0 CONFROL = 2,

506 10 7

Ok = DRO
CONY INUE

ax = gxp

Th = Txp
XHXR = XHXXP
XHYX = XMYXP
FAXPL2FXY
vas=yas2
BUS=8QS2

CTY » TY/(.5°RHOT V"2 P I*RK**2)
CPY = PY/(,5*PHUSVEOIoPORX®92)
P = PY/T37.6

A 169
A 170
At
A 172
A 173
ATy
A 175
A 176

ALT7
A T8
A 179
A 180

& 182
A 183

A 105
A 196

& 188

A 199

A 191

6LT



onw

00N 00LO -

o
-

-
ro

33
36
3

38
39
»0
(1)

5t

PHIO = PHIR®$180./°1
ALPHA = ALPHA *180./P(
PR = RLZ(RXPCOSESTHY

veessas PRINT OUTPUT coseen

PCCR=KRLZLRX*COSISIND
HRlltlbl.l\lPCCR.l.AP.Cl.CO.PMIU.RLPM!.F.RE.Cl'.CPV
CONT INUE

HP = TP¥g S0LL >

WRITE (61,330 X

HRITE (614360 CPY

Qas5=¥uQs/T13as

WRITE(61,73) QS

PISTLL = T7/Z(PI*RX®*5)

PI2STEL = T8*X/(PI*RX®*6) .

OCP = (XETASXTRX®*2/ (HH®HHD ) * (XETAPPESTELO EXETA=1, 0 PIZSTEL)*D/ L,
CPAY = CPY+ICP

WRITE 151,37) CPAV

WRITE (61,38} CIY

WRETL €61,51) PISTEL

WRIVE 161,52} PI2STEL

WRITEL61,81) FX6

CALL ITERATHQSALFH AXE.STA,PASIKKeKLY

WRITE(61,741 QS,POSKL

CALL YAWEQS s ALPH ¢ AXT4STA ¢FIIG KKy YL o SKDEL S JOEL ¢y SKROEL  SIROEL ¢
SZMDD, 2CD0,ZKOD, G008, ZKOL ¢ ZKDR s ZKOW, W1 00,CPAR,LALL,CARE)
WRITE{B1,77) ZMOL,ICO0,2KDD,CAD

WRITEAE 14 791 SKLELySIOEL SKRDEL »SIRDEL

WRKITE(B61,080) CPAA

X=X +0X

V=RY*OHEGA/X

OR=DRI

HB=HB/COS ISTY

SIssi*ied /Pl

THETP=THETP " 180, /PI

ALO=ALD*180./P1

R=RX

LFIX.GT XHAXD GO TO 381

HRITE(6L,5T)

G0 JO 100

CONTINUE

veesess FURHATS FOR INPUT AND QUTPUT STATEMENTS ceseee
sToP

FORMATU3F10.4)
Fonn&l!lx.FB.S.Zx.Fs.h.lx.Fs.b.Zl.Fk.Z.Jx.rs.!.2!.?6.!.2!.75.3.2!.
BFEo by 2XE10.3,2XF6,4y2N 4613460

FORMAT 7775214 PERFORMANCE SUMHARYS 30X, *TIP SPEED RATIO =+,F8,3)
FORMAT 17,05X,27H TOTAL POMER COEFFICIENT = ,F7,5)

FORMAT €7 ,15%,43H AVERAGE POWER COEFFICIENT WITH GRADIENT = ,F10,.5

%)

FORMAT (7,05X,26H TOTAL THRUST COEFFICIENT = F7.4}

FORMATIZF1I0.4)

FORHAT( 3F 10,4}

FORMAT(25241410

FORMAT (/58H TOFOQUE VARIATION OUE TO AERODYNAMIC SECOND DERIVATIVE
$ = LF15.4)

P X 2 283

L2 2 23

PR EEEERER

PR EER>

-

»»

00

FORHAT (7%1H TORQUE VARIATION LUZ 1O SHEAR SECOND DERIVATIVE = ,
tFA5.4)

FORMAT{PTELETYPE INPUI SECTION#/#ENPUT PETSH ANGLE®)

FORMWT(® TIP SPELC RATIOB UNIN) (CMAXD .8 INCRENENT) #)
FORMATL*ROTUR RAD PER SEC*)

FORMAT A *CONING ANGLE®*)

FORMATI/7/71Xo tPCCRP HX o ¢ At J5X o tAP#,5X , #CLE6X#CD* SN *PHIS,
SUXPALPHA®SX o ¢F ¢ 46X 4 *RE NO® ¢ OX o vCl ¢4 8X,*C2#)

FORMATE® ENPUT ESCoXCGeYL #}

FORMAT{® INPUT AEJAG *)

FORNAT{/,+ INITIAL NORMALIZED SVATIC VIP DEFLECFION IS 613,60
FORMATE/¢4¢ QS = ¢,G13.643X4*PREVIOUS QS = $4G13,6,3Xs* NO OF
$ ITERATION 1S %, 13}
tfoﬂ"lll/.7!.01N000olllo'chD'-lll.'IKQD'nlll"CUO'I.ZI.hlGIJ-G-ZKl
.
FORNAIll.ll.OSKDEL'.Ill.'SJO{lv.lll.OSKQDEL'.tll.'SJRBEL'I.?!.
S41G13.642XH)

FORMAT (7,11, ¢ CPAR = *,G13,6}

FORMAT(Z,7Xs® TANGENTIAL FORCE PER BLADE [N ROTOR PLANE *4613.5)
ENO

SUBROUTINE BITLES SRR.CTsTHETI,NF,50LD}

eeenoes TITLES = PRINTS CUY INPUY DATA KN A DESCRIPTIVE
FORM, AND PRINTS DESCRIP SIONS OF SYHBOLS/TITLES FCR ouTPUT,

DIMENSION RR(25), CL250, THETR(2S5)

COHHON Ry DR ¢HByB oW eX THETP yAHOD o HoST4G0s OHEGARHO ¢V ESIHL,PI4RXy My
SNPROFAPP o T1o V2o T3, T, V5,76 77,08, TEST, XETR,HH,ALD
MRITE (61.420

WRITE (61130

HRITE (61,140

WRITE (61.,45) ¥

WRITE 161,461 XETA

WRITE (61,470 WM

MRITE 161,180 #

WRITE (61,19} OMEGA

NREVE (61,200 X

NRITE (61,210 VHEIP

&x = R

€s1 = st

SI = st*ePi/s18d.

CRL = JT5°R

CALL SEARCHECRUL 4 RR(CU,THETIoNF 454 THET 4SHODZD

ST = Ccsi

BANG = THET®160 . /7PT¢THETP

HRITE 161,22) BANG

HRITE 161,23 SI

HWRETE (68,200

HRETE 161,250 4

HRITE (63,26} R

RRITE (61,270 B

CALL SOLIOT ERR CIGNF 48RP L, SOLOY

WRITE 161.28) SoLO

CALL ACTEVE (RR.CHNFRRPTLACF)

HRITE 161,29
WRIT: 461,30} NFRUF

HRETE 161,340 NF

HRITE 161,32}

WRITE t64,33)

WRITE (61,380 (RRUIN (CICTI VHETEITN 4 L=1,NF)
HRITE (61,359

-
o

LA 332
A 133

A 334~
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ve

10
i1

oo

WRIVE 161,%6) DR
IF (APP,E0.0.0) GO TO 1

HRLTE (61,37}

IF (AMOD,€Q.0.3% GO VO 2
WRITE (61,33)

6o 103

HRITE 161,39)

IF 18.61.2.09 GO 10 &
IF 1G0.EQ.0.0) GO YO

§F (GO.EQ.1.0) GO VO

1F (60,E0.2.0) GO T0

IF (GU,EQ.3.0) GO T0

G0 10 ¢

1F (G0.€Q.2.0) GO TO

IF (60,E0.3.0) GO YO

~> ~“wowvo

o fos

WRITE (bly6it)

6o TL 9

HRITC (61,42)

GO 10 9

WRITE (61,430

Go 10 9

NRITE (61.400

If thL,€Q.0.,0% GO TO 10
NRITE (61,059

6o 10 11

HRITE (614440

CONT INUE

HRITE 161,46)

HRITE (61,470

HRITE (61,480 ’
RETURN

FORMAT {1M1)

FORMAT (57H THEORZTICAL PERFORMANCE OF A PROPELLER TYPE WIND TURSX
SNED

FORMAT §//7/45X, 226 OPERRTING CONDIVIONSI)

FORMAT 1/7,15X,23H MIND VELOCITY ~ FPS = ,FT.4)

FORHAT (7,15X,35H WIND VELOCITY GRADIENT EXPONENT = oFT.4)
FORMAT 17,85X,39H HUS MEIGHT ABQVE GROUND LEVEL - FT- = oF12,48
FORMAT (/,15X,60H ALTITUDE OF HUB A30VE SEA LEVEL - FT = (F15.40
FORMAY L/ ,15X,30H ANGULAR VELOCITY - RAD/SIZC = F10.49

FORMAT (/,15X,19H TIP SPEED RATIO = (F7.4)

FORMAT (/45X 444 PITCH ANGLE FROW NOMINAL THEST - DEGREES = oF10,
$h)

FORMAT 1/,15X,40H PITCH ANGLE AT 0.75 RADIUS - DEGREES = +F10.4)
FORMAS (/,15%X,26H CONING ANGLE - DEGREES = WF10.4)0

FORMAT (/77,5%, $4H BLADE DESIGNU)

FORMAY 177,15K,20H NUMBER OF BLADES = ,F3.70

FORHAT (7405X,49H TIP RADIUS ~ FI = (F7.4)

FORMAT (/415K,19H HUB RADIUS - FT = ,FI.b)

FORMAT (7,150,014 SOLIDTY = ,F12.5)

FORMAT £7,15X,19H ACTIVITY FACTOR = ,F12,5)

FORMAT (7,15X,16H NACA PROFILE = .14}

FORMAT &/,15X 2334 NUMIER OF STATIONS ALONG SPAN = Ll

FORMAT §7/,10K,29H CHORD AND TMIST OISTRIUTIONY

FORMAT €77,16X,15H PERCENT RAOIUS »5X o BHCHORD-F T, 33X IHTNIST~DEG)
FORMAT €7,20XF5.008XsF10.5:10X,F 10,5

FORMAT §777/45Xy 3CH PROGRAM OPERATING CONDITIONSI)

FORMAT (//416%,25H INCREMENTAL PERCINTAGE =¢FT.b0

FORMAT (/7¢15X,38H ANGULAR INTERFERENCE FASTOR,y AP = 0.00

FORMAT 1//415X,38H WILSON AXTAL INTERFERENIE METHOD USED)

=

uwenn

DO

o

FORHAT (//,15X, 40H STANDARD AXJAL IHVERFERINCE METHOD USED)
FORMAT (//,15X,39H TIP LOSSES MODELED 9Y PRANOILS FORMULAY
FORMAT (//7415%,40H TIF LOSSES MOOELED BY GOLOSTEINS FORWULA)
FORMAT €/7415Xs36H NO TIP LOSS HODELD

FORMAT (/7,35X,31H VI® LOSS WODEL -- MASA VERSION}

FORMAT 1/7/7445X422H NO HUBLDSS MODEL USED)

FORHAT (/7,15X429H HUBLOSSES HMODELED AY PRANOTL)

FORMAT §1HLD

FORHAF (/77,221 PERFORMANCE ANALYSISI)

FORMATUZZ71K 4 tPCCR 46K o2 AP o5 X, tAPH 5K, tLL#,6X o *CO SN *PHIY JtiX,
SEALPHA® JSXotF ¢ BN oRE NO®4OX,2CT ¢, 8X o tCP e}

END

SUBROUTINE SEARCHERL JRRCTo THETI(HF oC o THET, SHOOED

eseeses SEARCH = DEVERMINES THE CHORO AND THE TWEST ANGLE AT
A GIVEN RADIUS PLONG THE SPAN. [TV UYILIZES A LINEAR
INTERPOLATION FECHNIQUE.

DINCHZEON RRU250, CI(250 ¢ THETEL25)
ggnumlc n.:;‘a.ua.a.v.x.msw.mou.n.sl.co.onsm,nno,ns.ut.vl.n
1 I=1,
RRV = RL/(RX*COS(SI))°100,
IF {RRV.EQ.RRELND GO TO &
IF (RRV.GE.RRCINY GO TO 2
1§ (1.EQ.NF) GO T0 3
CONY INUE
J = 14
PER = CRRY-RREJ~1))/7(RRY J-2) -RRUJ-1})
C = PERSUCL(J-20-CREI-10VeCIM-1)
THET = PERCATHETE(S-20«THETTCI-10) ¢THETI (J-1)
6o 105
C = CIINF)
THET = THETTUNF)
Go fu §
¢ =CcIt
THET = THETI(1Y
THEY = THET®PI/ 180,
XOL={RL-HB / 1P-HB)
SHODE =XMOD(XOLY
RETURN
END

SUBROUTENE CALG (KL (CoTHE T FRF (FYF o KHFXF o XHFYF ¢ QF s TFyRESPHIR 4CL4CO
$2CXoCY oA s AP XL AK (ALPHA L FoCLF o CAT (ART (CLT o3DTNFS SOLD 4 TH,SHODEy
$uQs, 8asH )

vessoss CALC ~ DEFVERMINES [HE AXEAL AND ANSULAR INTERFEPENGE
FACIORS AT A GIVEN RADIUS AND OETERMINES FUNCTIONS DEPEMDENT

UPON THESE PARAHETERS.

OINMENSION AAT 251, CLTL250, COVt25)
COMMON Ry OR ¢HD (B oW o X oTHETP g AHOD H 58 ¢GO4OMEGA sRHO 4 VIS sHL W PLo RXs W,
SNPROF (APP o T4 T2y Ty W0, 05,76 (TT T8, FESTIXETA JHH, ALD ¢ AC
COMHON XCG,ESCoAE AG
XL = RLCOMEGA/Y
RH = HB
HN=&D
00 15 J=1,40
3ETA = A
OELTA = AP
PHEI = ATANGSL.~APPLOSISTIZ4IL. ¢API*XL)D
PHIAA = LBSIPHI)

L G L L R R L X NN R T ]
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32

“wao

1
12
13

nO06

OO

18

JADFISINEPHII "2,

B1=001,-2,%AC) *AAD/VORI2,.)

C1=11.-BADSACYAC/VAR)

CANN=81"8L-4.%C1

IF(CANN.LT.0.00 CANN=D.0

A=.5°{B1~SART(CANNI

CoHY INUE

IF{VAR.EQ.0.) THEN

Ap=0,

ELSE

AP = YARZ(F*SIN(PHII®COSIPHII~VAR)

ENDIF

IF (APP.EQ.3.) AP = 08,0
PCCR=RL/ZERX*COSISIH)

eessess DAMPENING OF AXTAL uND ANGULAR INTERFERENCE FACIOR

TTERATIONS .

IF €2-4) 13412.10
IF $4-10) 13.42,11
IF 1J-15) 13512413
A = (AWDETAI®,S

AP = (AP+DELTA)®.S
CONT INUE .

wevesss VEST FOR COMVERGENCE ccoses

If (APP.EC.1.) GO TO 34

IF (ABSEUAP-DELTANZAP).LE..0001) GO TO 16
60 10 45

1F (ABSUUA-BET AN/A) JLE.,0001) GD TO 16

CONV ENUE

1F IAK.GE.1.) GO T0 18

CONT INVE

FOR GPERATION OF VORVEX RING STATE REPLACE VTHE FOLLONING C CAROS
PCCR = RLZIRXSZOS(SIN

IF (J.LT,48) GO TO 17

MRITE (61.27)

CONTINVE .
eevesss CALCULATION OF FUNCTIONS DEPENDENT UPON AXIAL AND
ANGULAR INTERFERENCE FAC TORS.

CONT INUE .
M s SGRTAAE1.~AIPVICOSISTNI®®20 11, ¢AP) *RLOONEGAD **2)
RE = RHO®W*C/VIS

CONST = (0.5*RHO* IH**2)°C)

FXF = LONST®CX

FYF = CONST*CY

XHFXF = FXF®(RL-HB) /COSEST)

XHEYF = FYF® (PL-HB)/COSLST)

€T = 10.5°RHO®B*CH® (WM}

OF = CTI*RLOCX

TF = CTI®CY®COSISD)

DPCR = DR/U2,*RX)

CR = C/RX

CLA = (GLO-CLI/0.001

coA = (CO0-COI/0,.008

CXP = CLA®SINIPHIN-COASLOSIPHIN oCY

CYP = CLA®SOS(PHI)+LOA®S INIPHIN-CX
CN=CLPCOS IALPHAD +L.D* ST ALPHAS

QGGBBEHBUBBQOQBEQBQQQOOOOQEQ CX-- LR -R-R- R A4 g-g-g-J e e

YY- 1.3

v

SINPHI=SINIPHIAA)

TF(SINPHI.EQ.0.00) SINPHI=D.D001L

XXL = COS(PHIAAN/SINPHI

XALO = XXL*R/RL

PHIR = PHI1

ALPHA = PHI-THET-THETP

DDIC = ATANCUL «~ADZIXL U1, 02.%AP)DI-ATAN (L -AD/XL)
DAL = DDTC/4,

DA2 = (E4./15.1%(SOLO®THI/ZXIZC {1/ XD%*2¢ (RL/RXD *02}
DALPHA = DAL80A2

ALPHA = ALPHA-DALPHA

ALPHAD = ALPHA+B.001

« CALCULAYION OF SECTICNAL LIFY AND ORAG COEFFICIENTS

1F (NPROF.EQ.44%15) GO T0 8

IF {NPPOF.EQ.0012) GO TO 2

1F INPROF .EQ.8088) GO VO §

1F INPROF.EQ.9999) GO 1O &

HRIFE {61,200

CALL NACALG (RLGRX,ST oALPHALCL +CO AL,
ChLL HACAGS CRL RX.ST ALPHAO,CLOCDD, ALY, WY
G0 ¥0 5

CALL NAGAOD (ALPHA,CL,CD,ALODY

CAlL HACAOOD CALPHAC.CLD.CDO,ALDD

5010 s

CALL NACATT $RL,RX¢SEoALPHA,CLoCDoALD Ny AAT,CL E4COT,NFS, SOLOD
CALL NACATT {RUJRX.STALPHAD,SLO,CO0,ALE ¥, AAT ,CLT ,COT,NFS,S0LO
]

Go o s

CALL NACAXX CRURXoSEoALPHALCLCO4ALO W
SALL NACAXX (RLoRXoSIALPHAD CLD,CODSALS W)
CONT INUE

IF (60.L1.3,) 60 TO 6

CL = CLF*CL

L0 = CLF*CLD

F =1,

50 Y0 7

veses CALCULATION OF TIP AND HUB LDSSES cceees

IF (CAV.EQ.4.} F = 0.0
IF (CAT.€Q.8.) GO 7O 7
CALL TIPLOS EXXLyXXLOWF oB4GO0sHL(PToRsRL,PHILRHD

CX = CL*SINI{PHII-CO*COSIPHIY

SY = CLOCOSIPHIN+COSSINIPHIY

Cxx = CLeSIN(PHIY

CYY = CL*COS(PHID

SIG = (B*CI/ZUPISRLY

1F (AK0D.£Q.0.) GO TO &

VBR = ((,125°S1G°CYYI*LCOSISTII**200/74SINLPHII® 2}
VAR = (0,125°SIGCXXIZCF* SINIPHI 1*COS (PHIN
CAN = FOFou,SVORYF*(41,-F)

IF GCANJLT.0.08 CAN = 8.0

A= (2,°VOR¢F-SQRTICANID /12, %(VORSF*F )

AP x VARZ1UL.~AYFIZUL .~A)-VAR)

IF tAPP.EQ.L.) AP = 0.0

50 %0 9

Y8R = 0,125*S1GCYY*(COSISII®®2)

VAR = 0,125°5169CXX
A=VBR/IF*SINIPHI) *v 2+ VER)

1IF(A,LE.ACY GO TO 32

PODODOEOOUULOORDOD
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CONT INUE

IF {NPROF .£Q.9999) THEN

CALL PRDPERIXCG,iSG.ﬂK.R.NB.C.AE.AG,A”ASS.‘]].A[?.Al!.tn.[l.iz.
SEIFF FFP FFPP,FP FPPoRL JE1.GJ)

ELSE

CALL PROPiRllch.ESC'NX.ﬁ.WB'C.lE.lGolHiSS.lll.llZpl!!o(ﬂ‘EluEZ'
BES,FFoFFPFFPPFP FPPIRL 4EL46ID

ENDIF

RHP=HB/R

RS=1.-RHR

BYNA=6. 7 {RHOYY* V)

.

3
E"""'SOLVE FCGR @S (STAVIC TIP DEFLECTION)

[

BEETA=THETATHETP

CB=COSIBEETA)

SO=SINIBEETAD

€51=CoS(S1) .

SSI=SINISI}

GR=C/RX

RLR=RL/R

OH=OHEGA

1 INPROF.EQ.9999) THEN

CaLL SUMROHURLR, RHR 4 RS4ERSEL sESBBUC 4 HN €Ly GIoRXY

LSE -

CALL SUNRONL { RLRs RHR (RS, ER¢EL 4 E3¢BBUC NN 4ET 4Gy RXD
ENDIF

BNDRNAS*CSI‘CD'(I.-AlOX‘RLI'GSI'SB-!'E!'SSI
BTAHG=CSI®SBY (4. ~A) ¢X*RLE*CSIYCO

HWNOR M= { 3HORMAIHORMABYANGPOTANGY

DSI!DVNA‘ANASS'ON'OH'(ER'SB'CG'll.‘SSI‘SSIO°RLI'SSI'CBI'57
0S2=DYNA® (AL1-AT3)SON*ON PSS IPCSIPCOPFFP
053=3.9 WIORNCFFPCN'CR

seeseree SINCE BUC=BBUC*AS

O

28
21

QU

PAUL=-BBUC

0551SDVNA'ANISS'ON'DN‘(RLR'GS!'SS!OER'SSI'?Sl'S!.‘PIUL
DSSZS-DV”A'ANASS‘OH'ON‘ISB'SB’lSSl'CBl"l.l'ff'FF
DSS3=DYNAYER*FFPPYFFPP

U0S= 051 +0S24DS3

8aS=USS1+0S52+0853

17 = l"l(I?.OCDS!PNI)"zi'CL‘SlMlPHI)'coslPNKO"l‘cﬂ'z.'cosi'”ll'
SCLAI® UL ,=R}®929PL**3°C)* DR/ 2,

T8 = THALLLL, oSN 13%%2) /COS (PHID *CL-CO S INIPHID ¢ CLA®SINIPHIN *
SUL AP * {4, ~ADSRLO®42CI®OR/2,

RETURN

FORMAT (93H YOU HAVE SPECIFIED A HACA PROFILE NOT STORED IN THE PR
$OGRAN, THE PROGRAM RILL USE NACA <iS5.)

FORMAT 1/,5K,49H v9vv¢ ATTENTION - NO CONVERGENCE AT THIS STATION)
END

SUBROUTINE TIPLOS $UsUD,FeQeGOGHL s ToRoRL,PHILRHY

eesses TIPLOS - DETERMINES THE TIP AND HU3 LOSSES
BASED UPON GOLDSTEINES THEORY, OR PRANOTLZS THEORYV,
OR FOR THE CASE OF NO LOSSES.

SUH2 = 0.0
SUN = 0.0
AK = 1,

0 thy

mmmmmmmMm O0OCEOOSOOUO0

Py R Y Y

~N o

2

OO0

o000

AMH = 1,
AN = b0
IF 1Q.6¥.2,0) GO V10 1
1F (60.EQ.0.00 GO ¥O 2
IF 160.£Q.1.0) GO §D &

IF tGo.EQ. } 60 Yo 3
IF $G0.€Q.2.0) GO f0 3
CONT INUE

YYs-(N%(R-RLDI/ (2. "RLOSARTISINIPHTII®*2,+0.0001)9
IFEYY.LT.-675.0 THEN

Fai,

ELSE

F=l2,/PI*ACOSIEXPLYV))

ENDIF

GO 10

IF LCABSISINIPHINIR LT, 00080 GO TD 2

CALL GOLDST (U4U0,FeQsGOPTIRIRL, PAToSUN2,SUNAK, ANN,AND
HUBLOSS CALSULATIONS

JF (HL.EQ.1.0} GO TO 6
F1 = t,0

G0 1o 7
FE = (2,/7P11° ACOSEEXP (- CQ*(RL-RH) )/ (2, *RH®SQRT (SINIPHII**2¢.0001}

SUBROUTINE BESSEL 1Z,¥.A N0

seevess BESSEL CALCULATES BESSEL FUNC TIONS FOR THE GOLDSTEIN
TIP LOSS HODELeeases

S = 6.0
AK = 0.0
C = 1.
00 3 K=1.,18
8 = (.25°2°L0°%AK
0 = VeAK
P g,
1K = 0-1.
IF tIK.LE.0.0) GO TO 2
P = DTIKP
0 = 0-2.
6o 10 4

E=P
$ = B/{CTENesS
AK = AKel.
C = AK*C
CONT INUE
Al = (1,5%2V°%V)*S
RETURN
END

SUBROUTINE NACADD CALPHALCLCO.ALE)

veesssss HACA - DEVERMINES THE COEFFICIENTS OF LIFT AND DRAG

AT A GEVEN ANGLE OF AYTACK, ALPHAY FOR A NACA 8012 AIRFOIL.

THE EQUAT IONS WERE OBTAINED BY A ORTHOGNAL POLVNOMIAL

CURVEFIT OF NACA DATA PUBLISHED IN NACA RE®ORT NO. 6694PAGE 529.

mmmmmmmm

COAPONE TAMANAVANANAAAAARANANAAAAAANT Mmmmmmmmmmmmemm

€81



aon

A = 5.73

A2 = T.°AL
S0 = B.0058
S01 = 0.0006
502 = J13¢
S0} = 0.0168
$De = 9,0606

S05 12570,

AHAX = 0,218

A » ALPHA-ALB*3.141693/7160.
IF CA.GT.AMAX) GO 10 ¢

CL = AD°A

CD = SO0¢(SDI*A )+ (S02%AA)

fo 3
CL = (AD®A)~(AZ%(A-AMAX) *°2}
IF (CL.GE.C.0) GO 7O 2
CL = 4.l
CO = SDITSOH® (A-AMAXI®*24SDS* CA-ANAXI %4
IF (CO.LE.1.0) GO TO 3
C0o = 1.0
RETURN
END

SUBRGUTINE NACA44 CRLyRX¢SIoALPHALC. +CDyALD W)

PIx3,16415926536

CLFL=1.

ANAX=P1/2.

AST=45.%P1/180,

EH121,7 (SINLAHAY -ASTH)

COonv=P1/180.

CDB=.016

ABSA=ABS(ALPHA)

ALL=ALPHA

AL2=ALLALL

AL3=AL2OALL

AzALEHA®180,/P]

TFOALLELL ) THEN

CL2.403145,569%AL1

CCxCHI® 11,¢25.65%AL2)

ELSE IF (AJLE.14ssAND.ALGT el THEN

CLE.3364347,L209%AL1-13.6295%AL2
TFIALLE,10.) THEN
CO=. 010 ¢, 4146%CALL-4. 2 CONY)
ELSE
C0=,03+3,00267°1ALL-10,"CONV)
ENLIF

ELSE IF (ALE,26.1 THEN

CL*,6395610,5458%AL1 36,5327 AL2¢ 6, 673374LY
TFIALLE.16.) THEM
CO=.1+2.8648%(ALL~14.%CONV)

ELSE
CD=.201.637%(ALL-16.°CONV)
ENDEF

ELSE

CL=1.2°SIN(2. %ALY

CO®,2¢1.637°1ALL1-16,"CONY)

ENDIF

RETURN

€NO

SUBROUTINE NACAXX CRLRX ¢ST4ALPHA,CL,CO.ALD, WY

eeses NMACAXX IS AM EMPTY SUJROUTINE FOR USZ FOT A PROFILE

SO ANAOOADAANOANOONNORG

-

-

- -

VOUROBW Y

[T Y%}

IO

~-

NOT FREVIOUSLY STORED. CHE MUST INIERT CUIVE FIT EOQUAT IONS
FOR SECTEIONAL LEFT AND ORAG COEFFISIENTS A3 A FUNCTIOW OF
ANGLE OF ATTACK IN DEGREES.

ENUATIONS FOR LIFT ANO DRAG CUEFFIZIENTS FOR
NACA 6L4-~421 AIKFOIL HAVE BEEN INSERIED.

A = ALPHA®180./3.141593

ADD CURVE FIT PROGRAM FOR CL AND CD
PI=3,1415926536

CONVI=PL/480,

€00=0.016

ALE=L.1°CONVT

80=-0.020255

ats14,9705

B2=-54.761 *

83=136.055

Bux-144,5923

co=187,3277

C1=-2335,2577

€2=10915.946

C3«-22521.2787

Cu=17207, 011

ALL=ALPHA

AL2=aL3"ALL

AL3=AL2°ALL

AlG=ALI®ALL

CL=6,6463°1AL10ALOY

TFUR.GE.b,) CL=BOIAIPALL 0B2°AL2¢BI7ALI+BY ALY
LIFCALGE. 47,79 CLECOVCISALACC2%AL24CICALSSCL ALY
FOALGE.21,) CL=2,25°SINE2. %ALY/ (h, /PT+SINIALLIN 40,04 -
CO=CDO*11,420.%AL 2}

IFEALGE.28.) CD=0,022500.,6507°(ALL-10,°CONVT)
TFUALGE 14,0 CO=0.066¢1,08%2,4627%(ALL-14,%CONYI)
TFCALGEL20.) CO=L.SPISINTALLNI®®2,/Che/PReSTNIALLEI NGOG
RETURN

END

SUBROUTINE NACATT (RL,RX 4SToALPHASCL (COVALO W AT 4CLT 4COT NFS,SOLD
A\

eveses NACATT = IS AN INTERPOLATING SUSROUTINE TO INVERPOLATE

AIRFOIL DATA INPUTED IN TABLE FORM,

OIHENSION AATE250, CLT(25), COTE25)
A = ALPHA®180./3.141597-AL8
D0 1 I=1,HFS
(F (A.LE.AAFILE)) GO FO &
1F tALLE.AARLIYY GO YO 2
IF C1.EQ.NFSI GO TO §
CONT JHUE
J = let
PER = (A-AATEJ-10I/70ARTLI-2) -AATLI-1D)
CL » PER®ICLTS~20-CLTCI-1000CLTLY-L)
CD = PER*(CDT(4-2)-COTLI-2DD 43GTEI-1)
GO0 1C §
CL = CLEANFS)
(D = CDTANFSY}
60 10 S
CL = CLYtY)
€D = COTtL
€O = (CO*3.07501.2%, 4240 /3,475

)

L T ]
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POUVLLELO ..

RETURN
END

SUBROUTENE SOLEDY (RReCI oM oByRPL,SOLD)

veaes SOLIDV - DETERHINES THE TOTAL SOLIDIVY OF THE
HIND TURIINE DESIGN.

GIMENSTION RRU25), CIt250
NFX = NF-1
si =0,
IF(NF.EQ.13 THEN
S1=CILL1)°R
ELSE
D0 3 I=1 NFX
soL = IlCl(lol.ocl(lllIZ.l‘(Rl(ll-RR!lolil'lllﬂlu
S1 = SiesOL
CONT INUE
ENDEF
SOLD = 9*S1/(PI*Rv*2)
REVURN
END

SUBRUUTINE ACTIVI RR,CI KF(B¢R,PILACF)

cense ACTIVI - DETERWINES VHE ACTIVITY FACTOR OF THE
WIND TURBINE DESIGN.

DIBENSTON RRE25) . CI425Y

NFX = NF=%

st = 0.

00 3 I=fyNFX
Ch = (CECIstpeCHEDIN/ 20
ROR = (LRRUTD-RRUTS1D /2, ¢RR(TCLID /100,
DROR = (RRLII -RRUI+29 17400,
FuC = 1317 12.%REI*ROR **3*DROR
S4 = S1sFAC

CONTINVE

ACF = S1%100000./16.

RETURN

END

SUBROUT INE GOLDST (ULL0FoQ460,PT ¢RyRLIPHI)SUN2 ¢SUH AKsANNGAN)
1

seves GOLOST - DETERMINES THE GOLOSTEN T1P L0SS
FACTORS FOR FHE 2 ALADED DESIGN CASE. FOR DESIGN CASES
NITH BLADE NUMAERS OTHER THAN THO THE PRAHOTL

MODEL IS USED. THIS CAN 9E CHANGED IF NECISSARY, AND
THE GOLDSTEN MODEL FOR ANY NUNBER OF DLADES MAY 8E
SUBSTITUTED FOR THIS ROUTINE.

DO 5 M=1,3
v o= 12,5841}
10 = uC*Y
¥2 = V%Y
1= uey
12 = 1%
CALL BESSEL (Z,VeAD
CALL BESSEL (Z0,V,AI0)
IF (2.6E.3.5) GO 10 1§
Az 2.%2.
B = b %,

,—rEEErrEEEERErErERE XXX XRXRR AREAXRKRRR ok

2232:2:223:323!::888

25
26-

.

DN R L e

Y N L g

-
NEOO® N

S 3 betbe
D = 8.8,
TIVZ = 22/ (A-¥2) ¢ 2292207 48A-¥2)*(B-¥21) ¢ LT2**3) ZALA-¥2) *1B-V2)
S SEC-VZIRS(229%4) /7 LEA-V2) (A-V2) " (C-V2)°{D-¥21)
STAVE = AV'PI*ALN 782, *SINLL 5V PTD }-TIVE
50 10 2
10 = (UrUY/ (L, 0uv 0D
F2 3 @.°UPUS{L.-UUI/ (L1, 0U%UN *04)
T8 * £6.%U%® (5.~ 14 PUSUI 2L, PU =4, SU** 61 /7€ (Lo UsU) *°T)
T6 = H4.%USU® (1,-T5.*USUS603, U 6-1065. U *64460,°U°8-36,%u°*
[ U IV RIS LTINS Y 1]
STAVE = FOeF2/¥20T4/(N2%%2) +1678V2°%3)
Fou = (USUI7EL.eUSUI-CTLYE
SUM 5 SUNeFVU/V2
IF (AH.NE,0.0) GO VO 3
E = ~0.098/1U0%%,668)
IF (ANGNE.1.00 GO TO &
€ = 0,031/74u0*1,285)
IF LANGY.1.0) E = 0,0
SUHZ = SUNZ¢ (CUOTUOTANMD 7 (1,0U0°UC)-EN*(AT/A L0}
AN = ANtL,
AK = ((2,%AH-1 .3 %AK) 7 (2.0 ANY
ANR = AKZE2,%ANs 1.0
G = (LUTUI /1L PUSUN-L8.ZEPITPTDI"SUN
CIRC = G-12./P1)*SUn2
F s (11,0U%0) 78UV "CIRC
REVURN
€END
FUNCT JON XHOOD(RP)
OIMENSTON BU10)
DATACOETD o128 o100/0406008.8090,-0.8030,1.7428,0030.00000048.7
SUN=XHOO= 04
D0 1 I=3,1¢
SUM=SUNBITY
XHOD=XHODSBLII*RP L
CONT INUE
XH00=XHOD/SUN
RETURN
END

SUBROUTENE PROPERS (XGGy ESC oPX (RoHB,CoAE,AS cARASS A T14AT2,AT3,
SERVELLE2LELFF o FFPFFPP o FPoFPP 4RLETCID

CRsC/RX

RLR=RL/R

RHR=HB/]

ER=(ESC-XCGI*CR

E1=(LSC-.25)%CR

€2=15.75-ESC) "CR

€£3210.5-ESCI *CR

2*spRUPERT IES OF THE BLADE

AFACTO=0,086752/1064,
TFGRLR,LE .2« JAND.RLE.GT 4 0.6545) THEN
812:=5,673%ExnP (-3, 31I*RLR)
B13:67.3636%EXP1-2,0236% FLRY

AMASS=15, *AFACTO*LKP (-1, 3266° RLRI

ELSE TFERLRWLE.J.6545 AND.RLR,GT.0,3640) THEN
BI2:2.233%EXP (-1 ,802¢RLR)
B13:29,44%EXP t-0, T6ORLR)
ANASS=9,65%AFACTO EXPL-0 JEWGT RLR)

ELSE LFIRLR.LE.0.3648.ANO.RPLR.GT.C. 13930 THEN

zzzx::z:zzzzzzz:z:z:r:zzzzz:

68T



B12=4.56797 EXPL-4,8604%RLR)
IFIRLR. G 0, 2ub) BI2=2.111%EXP{-1.802°RLRY
B13=11,3726°RLR*Y (-0, €585)
AMASS=5.243*AFACTO®RLR** -0,3695)
ELSE
8I2=2,3210
BI3=41,924
AMASS=10,88%AFACTO
ENDIF
Bli:912+013
E1=3]2%AE
GJ=011*AG

geevrvreeCHANGE UNIT 1O FEET

c
AL1=AFACTO*BIL/ ¢k, *RX*RX)
AT2=AFACTO*BI2/ (4l , SRX*RX}
AT3=AFACTOPBI3/ {144, *RX® KX)
ET=E1/ 0104 "RX**h o)
GJ=GJ/ L1l b, *RX* *h,)

vevssevrsvery

XYY ]

RS={1,-RHR)

1Pz (RLR-RHRI/RS

1p2s1P* 1P

IP3I=1P2°1IP

1P4=IP3*IP

FFz6, IP2~4 . *IP 3¢ IP4

FFP=212,%1P-12.91P2¢4.%2P3

FFPP 2u."1Pe32,%2P2

FP=2,*1P-2P*1P

FPP32.%¢1,.-1P)
gerssrdreCGRRECTION OF MODE SHAPE THAT AASED ON LENGTH OF THE BLADE
CoeserseseqR-RH) NOT ON THE RADIUS OF THE ROTOR ( CORRECTION FOR
CoeverrevHASS (DAHPING (STIFFNESS MATRISES §
c

FFaFF*RS

FFPPaFFPP/RS

FPP=FPP/RS

RETURN ,
END
SUBROUTENE PROPER (XCGoESC RNy RyHB GG AE ¢ AGy ANASSo AT1, 8124413,
SERVELsE2)ES FFoFFP FFPPFPoFPP.RLLET LGSV

CF=C/RX

RLR=RL/R

RHR=HI/R

ER=1ESC~XUGH *CR

E1=(ESC-.25)*CR

E2340.75-ESCI*CP

€3210.5-ESCI*CR

*ssovespROPERTIES OF THE BLADE

XYY

812=0,00063734
813=0,011479
B811=012+813
DENSI=5,2502
AMASS=0.,3865046
Alt=LENSTvATYL

el

AT2=LINSI®DI2
AT3=0ENST "8I3
E1=AE°BI2% 040,
GJ=AG*BLL L4,
Al1=A11/CRX"RX)
AJ2=A02/7 ¢RX*RX)
AL3=A137(RK*RX)
EL=EL/(RXS®4,}
GJIsGI/IRX*" 4y}
GJO=T.2047E085
€10=1,7833E06
E10=EL0/IRX®*4)
G =GIO/LRK® 4.

SO

£0=1.

FD=1,

RS« {1.-RHR)

IPA=HHR/RS

2P+ (RLR-RHR} /RS

tp2=2P2P

IPI=PZO P

IP&=IPI* TP

AKJO=2, *IPAGJ/6HD
AKKO=2,*ETZELO TPAYIPA® (3,44 S TPAY
AKKS=12,*E1/E10°2PAS (1,0 2PA)
FFsAKKO¢AKKI®IP 06,2 2P2-4 ,* TIP3 4Pl
FFP=AKKS$12.%IP~12,"IP20 A" 1P
FFPPx12,-20,°2P412,°2P2
FPzAKIE 02 ,02P-2P 2P
FPP=2.%11.-12P)

GeeserssrCORRECTION OF MODE SHAPE THAT BASED ON LENGYM OF THE BLADE
Covessnve (R-RH} NOT ON THE RADIUS OF THE ROTOR ¢ CORRECTION FOR
CosesevrsyASS,DANPING , STIFFNESS HATRICES §

[

FF=FF RS
FFPP=FFPP/RS
FPP=FPP/RS
RETURN

END

SUBROUTENE ITERAT QS JALPHAXT oSTA P QS KKyKLY
DIMENSTUN RRE25), CI(253, THET1(25), AAT(258, CLY 1230, COTYI250
OEMENSEON STALL00).AXIL100) ,ALPHILDE8}

COMHON Ro R HB,B ¥ oK o THETPyANOU SN ST 1G04 OHEGA 1RHO oV IS JHL W PE,RX, My
GNPROF.APP'!l.lz.ll.lh.ls.IG-I?.IO.IEST.lEtl.hn.ltn,lc
COHNCN XCGESCoAE 4AG

COHNOH RRG Lo THET T4 NF

EXTERNAL TOM,TIH

Ki=l

HH=4

ALEFF=RIGHT=0,

DO 16 I=1.KK

NHALF=1/2

L=leg

NTESTaI~2°NHALF

RLR=STA(D)

A=AXEUE)

ALPHA=ALPHLT)

ALPHAD=ALFHA 0,601

RLERLR*R

CALL SEARCHCRLRR (C1oTHETT ¢NF 4C o THE T, SHODED

A

[y
A

11
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13
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IF(HFROF . EQ. 99990 THEN

cALL PROPER!!CG.SSC.Ql'R.NB.C.IE.IS.AHASS.Ill-llz-ll’:i‘.il-il:
SEIFF FFPFFPPFPFPP4RLETGJI)

CALL NACAKKERL ¢RX oST¢ALPHA sCLCDoALO o W)

CALL NAGA XXERLyRX oSToALPHADCLOCODSALO, WD

€LSE

CALL PROPERIllﬂﬁyiSC.qun'MB.C.ﬁE'AS.AHASS.lll.lll.‘!’.i"EI'EZ'
iEl.FF.Ff’.FFPP.FP.fPF'RL'EchJ’

CALL NICAAHIRL'RXuS‘:llPNh'Gl.CD‘lLD.NI
CALL NIGA&%(RL.R!.sl.ALPHAO.CLU-GDU.AL!.N!
ENDIF

RHR=HB/R

RS=1.-RHR

HR=RS*FF*QS

WP=FFP*QS

CH=COS{WPI

SH=SINWPY

C2W=CH*CHR-SH*SH

BEETA=THET+ FHETP

COsCOSIBEETA)

SH8=SINC(BEETAN

€S1=C0S{ST)

SSE=LINIGST)

CR=C/RX

OH=QHEGA

TFELLLE «XKE THEN

DRR=5TALI)-STAIL)

ELSE

Li=1-1

DRR=STALLLY ~STALTY

ENOIF

CNeCL*COS tALPHAY ¢CO*SINUALPHAD

CQ=CL*S IHUALPHA) ~CO*COSUALPHA)
X=QM*RX/ZV

Grevse

IFINPROF.EQ. 99991 THEN
CALL SUNSUNI'ON.llN.RquER.El.E!.UC'AUG.BUG.llUCclBﬂC.'BUG.!UH.AIU
1M ABUH,AUD, HH 425 s RHR 1ET 4 Gy RXD

SE .

cALt SUNSUNIIIOH.IIN.RLR'ER.EI'EI.UC.AUC.BJG'AlUc.AﬂUC,BBUG.lUN.AI
UM, ABUH, AUD, WM, 05 (RHR4ET 4GJ,RXY

ENDIF

Yp=UH=UC

UcPo=AUC

UCFO=nuC

VDF D=UMFD=8UC

UNPD=AUH

BUD= dUN=BUS

AuCPL=AAUC

AUHPD=AAUN

BUCPD=AUCFO=ABUL

BUNP D=AUNFD=ABUN

AUCFD=BUNFD=BBUC

B8UH=D0BUC

DIS= (RLRYUCH*CS E-HRYSST

CesvssSOHE LOFALTORS

PART 1551 YSH-CS I*CH*C8
PARTL22SSI®CH¢ISI®*SHCY

TATL1= (RLRIUMIPCNICSI*SIAUR*SHOCS I SBELTPARTLZ
TAIL22CPLROUNI*CSI*SB-HR 35T

HI=ZSI®SA*E1,-4) ¢X° CIRLR ¢UD) *L5I*L3~HR*SST)
HN2-PARTL®LL.~AD-X* (IPLReUDI *CH*SSE*SIPHRYSHYCSI*SB-E3*PARILZ)
HE2=HNO NN ¢ HT*HT

WIB=Hi2"CA*CR

HNO=HE2YCN®CR

Co*vovHASS MATRIX

(¥

QUEL=0.5°RHO® V'V
OYNA=(3./OVEL)

HFI=(AJ1-AE31 0N ON* (SSTCSI*CBCZHESHICHT ((CSI®CEI**2,-SSI*SSINY
HF5=3,9HNO® LFFPCH-UHFOTSHI

TFL=ER*SBYCO* E1,-SSI*SSI) - (RLF ¢UC) *SSI*CA

TF2=BUC* (IRLRIUC) *CSI*CSTCER*SSE*CST*S6)

TFY=ABASS*ON ON® ¢ ~1S3*SB#ISSTCHI **2) *FFOFFeSSI®CSI®CA®BUCY
TES=LISFFPPYFFPP

DALEFT=DVYNA® {IF 4 ¢TF5) *DRA

DREGHES DY HAS (AMASSSOMYONSITF1SFFITR2) SHF 3SFFP)IUFS
DREGHT =OR IGHT *ORR

FEB=2./3.

TFINYEST.EQ.0) FEB=W./3.

IFIT.EQ.1.0R, 0. EQ.KK) FER=L./3,

39sveeSTART THE SIHPSON INTEGRATION

14

te
355

ALEFT=ALEFTOFED®OALEFY
RIGHT=RIGHI¢FEB DRIGHT
CONT INUE

Pas=qs

QS=RIGHT/ZALEFY
1FLQs.EQ.0.) GO VG 16
CHESK=ABSLLQS -PQS)/QSY
TFICHECK.LT.0.019GO TO 555
KLsKLed

JFIXL.GT.10% GO YO 555
6o 10 22

NRITE{6L,13)
FORMATL/,* QS = O.°)
CONT INUE

RETURM

END

::BRO:IINE SUMRDOWLERLR(RHR ¢ RS, ER¢ ELsEI4BBUS MHeET+GJoRAD
us=0.

ALOW=0.

AHIGH= ERLR~RHR}/PS
N=NN

DRS= LAHIGH-ALOW) /N
DRS3¥=DRS/3.

RLS=ALOMW

K=N¢L

00 106 I=4.X

IHALF=1/2
JTESI=1-2°LHALF

IP=ALS

1P2:=2P* 2P

IP3I=IP2°IP

IPL=IP3*2P

FFa6 " IP2-4,*IP3+ IPY
FFP=42,%IP-12,%1P2¢4,%1IP)
FEPP=12,-24.020412,% 202
FPs2.*°2P-2P2
FPP=2.%44.,~2P)
DEBW=-FF P FFPePS
FLBsé,

IFCIVEST.EQ. 00 FENsY,

L8T



10

10

©

IFUI.eQ.1.0R.1.EU,KY FER=L.
aBUC=ABUC ¢FEASDOALC*ORSS
RLS3RLS4DRS

CONT INUE

RETURN

END

SUBROUT INE SUMROW(RLRRHR4RS ¢ ERVELS E3930UCI WH,EL,GI4RXD
aduc=0,
6J0=7,2684TE05
E10=1.7833E06
GJO=GID/ LKX® L, )
EI0=E10/URX"%4.)
ALOW=0,
AHIGH=RLR/RS
IPATRHR/RS
N=NN
DRS=4¢AHIGH-ALOW) /N
DRS3I=DRS/ 3.
RLS=-IPA
K=Rel
00 10 I=1.K
IHALF=1/2
ITEST=1-2THALF
IF=RLS
Ir2=1P* 1P
IP3=1P2* 1P
1PE=21P3*2P
IFIRLS.GE. 0.0 THEN

J0

AKKD =2, *E1ZETG* IPA*ZPAS (3o th . * 274)
AKKE=12,%E57E10°2PAS (1.4 2PA)
FF=AKKOtAKKL®ZP 46, 02P2-4 ¥ TIP3+ 124
FFP2AXK1442.%2P-12,%2P2¢4.*IP3
FFPP=12,-20.°7P¢42,%1P2
FPEAKJO$2.22P-IP 2P
FPP=2.%01,-1P)
gtig.'llPIOIPi"l.‘l!.bh-'lPl-z.'l'I
FFP312.1IPASZIP IS UL #2PA -2P)
FEPP=12.%(1.-2,%7P}
FPE2,°ZPAYLY, 2P/ TPN)
FPP=2,
ENDIF
DBBUC=~FFP FFPRS
FEB=2,

FF(ITEST.EQ.0) FEB=4,
JFIL1.EQ.1.0R. 1. EQ.KI FED=1.
B88UC=DOUC +FEB*ODBUC® DRSS
RLS=RLS¢DRS
CONT INUE
RETURN

N
gU:ROU'lNE SUMSUNLETON,T TH,RLR \EQ,E 10E34UC AUC, BUC, AAUGC (ABUC, BBUC
1AUM, AAUH, ABUH (AUD 4 MH, QS+ RHR,ET 45 J4RX)D

UCZAUC=AAUCTABUC =RIUC=AUN=AAUN=ABUN=AUD=0,
ALOW=0,

RS=1.~RHR

AHIGH= (RLR-RHRI /RS

LES L)

ORS= (AHIGH-ALOW) /N

DRS3I=0RS/3.

RLS=ALOW

K=N¢1

00 10 I=1,K
IHALF=1/2
TYEST=I-2*IHALF

1P2RLS

IP2Z=lP* 1P

IP3=IP2° 2P

IPu=IPIvIP
FFz6.%7P2~4.*1IP 30 IP4
FFP=12.%1F-12.%2P2+4's"IP 3
FFPP=12.-24.71P¢12.72P2
FP=2,97P-7P2

FPP22.,%(1,-2¢P)

WR=FF*QS*RS

WPsFFP®QS

NPPsFFPP*QS

CHsCOSIWP)

SHeSINtHP)

DUC=-0 5 RSOUP HP
TOMO=TOMIER sCHSH FP oF PP, HPP)
TOML=TOMLEL JCHy SHoFP FPP PP}
EE3I=-£3
TONI=TONCEEI+CHSHIFPFPP NPPY
0AUC=-WP®TONO

DAUN=-HP* TONYL

OAUD=-WP* TOND
DARUC=-FOHD* T OMO /RS
DARUN=-TOML®T OM1 /RS
TIRO=TENUERCM, SHFPFPPWPPFFPFFPP)
TINL=TIMEEL JCHSHIFP FPP HPP FFP FFPP)
DABUC=HP* TINO-FFP*TONG
OABUN=WP®TINL-FFPYTONL
09BYUC=~-FFP*FFP RS

FEB=2,

IFLITEST . £Q0) FEE=Y,
IFI1.EQ.1.0R. 1. EQ.K) FER=Y,
UC=UC+FEB"OUCPORSS

AUC=AUC +FLBYDAUC® DRSS
AUN=AUNCFED®DAUMTDRS 3
AUD=zAUD+FEB*DAUD® DRSS
AAUC=AAUC *FEB*DAAUCT DRSS
AAUM=AAUN +FEB*DLAUH® DRSS
ABUC=ABUC +FEB*DABUC*DRS3
ABUH=ABUN +F EB°OABUN® DRSS
88UC=0BUC *FEB*DBBUCORSS
8uUC=8BUC* QS

RLSzRLS+DRS

CONIINUE

REVURN

END

SUBROUTINE SUMSUNITOMTEF,RLRIEREL4E3,UCAUC 4BUG JAAUCABUC ¢3BUC, A

LTUMGAAUM JABUN AUG s MM, QS ¢ RHR G ET 4G 44 RXD

UCaAUC=AAUC=ABUC = BBUC=AUN= ARUN=ABUN=AUD=0 .
GJO=7,2847E0S

E10=1.T7833E06

E10=E10/74RX %0, )

GJI0=GI0/LRX*"4,)

ALOW=0,

88T



R3z1.-RHR
AHIGH=RLR/RS
ZPA=RHR/RS

N=#H1

DRS= (AHIGH-ALOHI /N
ORS3I=0RS/ ¥,
RLS=-IPA

K=N+i

00 10 I=1,K
IHALF=1/2
TVEST=1-2°IHALF

IP=RLS

IP2=1P% 1P

P33 TP2°1P

IPL=1P3IvIP

JFIRLS.GE.O.) THEN
AKJL=2,%2PA*GJ/GI0

AKKO =2, *EIZELQ% ZPAYZPAT{ 3. ¢4 S TPR)
AKK1=22,*E1/7E10*ZPAS (1.0 IPA)
FFsAKKOtAKKL®ZP 66 ,*IP2-6 S TPI+TIPL
FFP=AKKL1¢12.92P-12.%IP 204" 2P}
FFPP=12.-24,*IP¢12,°2P2
FP=aKJ0#2,.%IP-21P* 2P

FPP:2.7 (1.-1IP)

ELSE

FFe2 P (ZPASTPIT2.%C 3,04 P IPA-2,° 27}
FEP=12.%CIPACTIPI®* (1, ¢2PA 7P}
FEPP=12,%(1.-2, *IP}
FFz2.%IPASLL4IP/IPAY

FPP=2,

ENDIF

HR=FF*QS*RS

HP=FFP*QS

WPP=FFPP* QS

CH=Z0S(HPY

SH=SINTHP)

DUC=-0,5%RSHP*HP

TOMO=TOMUIER ,CHSHFPFPP (PP
TOML=TOMUEL JCHy SHFP JFPP JHPP)
EEI=-E3
TOUI2TONLEET ;CH SH FPFPP HPPY
DAUC=-HP® TOND

DAUN=~HP* TOH1

DAUD=-HP* TONS
DAAUC=-TOMD*TOND /RS
DAAYM=-TONL " TONL/RS
TIMO=TIHLER yCHy SH FPFPPHPP (FFPFFPP)
TINLTIHLEL ¢GHoSHFP FPPoHPP JFFP FFPPL
OABUC=HP *TINO-FFP*TOND

DABUN=NP* TIHL-FFPYTONL
0BBUL=~FFP*FFPORS

FEB=Z,

FFUITEST.EQ.O0) FEB=b4,
IF(I.EQ.1.0R.1.EQ.X) FEO=1,
UC=UL +FEP*DUC®ORSS

AUC=AUC +FES*DAUC®ORS 3

AUN= AUHSFEG®DAUNY ORSY
AUD=AUD+F EI” DAUD® ORSI

AAUC=AALC ¢FEB*DAAUCYDRS S
AAUH=AAUNCFEB*DAAUHY DRSS
ABUC=ABUC +FEB*DARUC®DRSY

19

ABUN=ABUM*FED*NABUHYORSY

BRAYC=HBUC WFEB*DBOUC DRSS

auC=88UC*Qs

RLSZRLSHORS

CONT INUE

RETURN

€ND

FUNCIION TOMIA,BC,D,E5F}

TOM=A®B*E-ASC*F* D

RETURN

END

FUNCT ION TEMCA(BCoDoEyF 4GoHI

TIN=A®COECGEATFYB%0YGeA*CoD"

RETURN

END

SUBROUT INE VANLQS s ALPHoAXToSTAFOIS oKXy YL SKOEL +SJDEL ¢SKRDEL
$SJROEL o ZMDD o ZCDO, 2X00 +CA 04 ZKDL o ZKOR ¢ ZKON,HT 00, CPAA,CQLE,CARLY
OIMENSION RRE25), CIU258, THEVII25), AATI230, CLTL25), CDV(25) A 18
DIHENSION STAU1000,AXTE1600 (ALPHIL08D ,FBIGEL 100D

COMMON RoeDRoHB B sV X oTHETP yANODH 4SE3G OMEGA yRHO ¢ ¥ ISy HL o PT 4R X oWy a4 12
SNPROFLAPP oYLy T2oT 3oT4eTS eT6oTToT8,FEST I XETA HHy AL, AC A 13
COHMON XCG,ESCy AE JAG

COMHON RR,CI,THEVE,NF

EXTERNAL TOM,TIN

Ins=i

ABR2,26179939

Hig=t 0

KHALF=KK/2

IFUIKK-2"KHALF) .€Q. 00 IN=0

GLUART= L, (2. -2.%AC)

L=}

FO=1.

FOst,

TR =218 =2 0=215=2U6=2I7=20=209=2110=2114=2112=0,
DIL3=2004=2005=2006 2047 =203022119=0,

INDD=2C0L=2C01=TC D2=TKOL=ZKD1=2KD2=HE §0=CPAA=CNO= 4,

I0L 12201 2%20L 3= Z0R1 =J0R2= DRI =20H1 =2 DH2=20¥3=CALL =CORE=0,
I1041=7201222202122022=72023=0.

D0 10 I=1,KK

L=leg

NHALF=172

NTEST=1-2°NHALF

RLR=STALLY

A=AXILD)

MPHA=ALPHITY

FLOSS=FBIGITY

ALPHAD=ALPHA#G. 0018

RL=RLR®RX*COS{SL)

CALL SEARCHERL,RR,CI,THETToNF,CoFHET ,SHODEN

EFLNPROF .£Q,9999) THEN

CALL PROPERIKCGoESCoRXyRoHBCoAEGAG sAMASS AT ATZATIERELIERy
SES FFoFFP FFPPFP FPP (RL 4EX G

CALL NACAXNERLIRX oSEJALPHALCL +COy AL WD

g:;: NACAXKIRL ¢RX ¢SToALPHAD ,CLD,C00,ALO, N}

CALL PROPERLUXCG ) ESC oRX¢RoyHByCoAE ¢AGoANASS AT AT2,AE34ER,E1,E2y
SEVLFF FFP FFPP,FPFPPRLET,GH)
SUoALPHA 4CL 4CDo AL Oy M)
eALPFAD,CLOCOOALD W)

CLA=(GLO-CL) 70.001
COA=(CD0-C0) /70,0061
RHR=HB/ {RX*ZOSIS L)

681



RS=1,-RHR
HR=RSTFF*QS
NP=FFP*QS
CH=CUOS{HP)
SH=SINUHP)
C2ZH=CH*CH-SH*SH
BEETA=THET*THETP
CU=COSIBEETA)
$8:=SINIBEETAD
€SI=CosStsI)
SSE=SINISI)
CR=C/RX

OM=0HEGA
EF(LLE.KK) THEN
ORR=STACIN-STALIL}
ELSE

LL=1-1
DRR=STACLLY-STALT)
ENDIF
CNzCL®COS(ALPHAD ¢CO* SINCALPHA)
CO=3L*SINIALPHA) -CO°COSCALPHA)
X=0H*RX/V

seosn

IF (NPROF.EQ.9999) THEN

CALL SUMSUNCTOM,T IMyRLR, ERVEL+ES,UCAUC,BUC, AAUC, ABUC ,BBUC, AUN,ARY
EH,ABUN, AUG, HH,QS s RHRJET ¢ GJy RXY

ELSE

CALL SUMSUML(TON,TIHoRLR JER E S 4E3,UC AUC ¢AUC AAUC s ABUC, BAUC JAUN, AR
LUH, ABUM 4 AUD, MM 0S4 RHRLET 4GS ¢ RXD

ENDIF

Vo=Un=ug

UCPD=AUC

UCFO=BUC

UOF D=UNF D=8UC

UNPO=AUM

BUD=BUM=IUC

AUCPL=AAUC

AUNPD=AAUN

BUCPD=AUCFD=ABUC

BUHPLU=AUNFD=ABUN

BUCFOD=BUNFD=BBUC

LLULER T

OIS= (RLRYUCI*CSI-WR*SSI

CoseeeSCHE COFACTORS

R=RX

PARI1=SSI*SH-CSIYCH*CH

PART2=C51%58

PART3=CSI*CH-SSI*SW*CR

PART4=(RLR*UH) *CHEUR Y SH

PARTS=(RLRIUHI*SH-HR*CH

PARTE=CSI*SHeSSI*CH*CB

PARTT=R/¥* (YL SE*CM CRLR¢UD) *SST*SBPCHINRYSHOSSITSA¢EI*PART S
PARTO=R/V(YL*CO (RLRYUDI*SST*COLNR*CSI)
PARTO=R/V*{YL*PARTE (RLR WD) *LA® TN HR*SHPCISES®SH*SAY
PART10=R/V® (YL*SST*SB+ {RLR4UD) *SB)
PART11=HR*SB*CSISERCCSI®CO

PART12=SSI*CH¢CSI®SHoCB

PARTLI=HR*SSI®SBIER'CA*SS]

TLF1=AYL*SBPSHI (RLROUNI ®SSI SBYSH-HR CH*SSI*SB-EL*PARIG ) *FFP
TLFL=TLFL-SHOSS ISR FF-BUYPSSI*SB 3N

PALL=C(RLRUC) *CSI-HRYSSIYCHIER®SSI*SH

PALZ=YLOLRLRIUC) *SSToHRPCST*CB-ER®SI®CSE

TAILL=(RLRIUNISCH CSI®SAIHR SHYISI®SRELIOPARTAZ
TALL2=TRLROUNI*CSI®*SA-HR*551 .

TAIL3zYL®SB CHY (RLREUND ® SSI®ST*IH+HA*SHTSSI*SB-EL *PARTY
TATLI3=(RLRAUMI*SSTI*SO*CHIHROSH*SST*SA-EL*PARTS
TAILe=YLOPART64 IRLROUNI *CO*CHINR? SH CB-EL%5H SH
TAILS=YLSCO* (RLRIUN) *SSTCO MR CST

TAIL5S= (RLRVUHI® SSESCACUR®SST

TAILE=YL®*SST¥SBe RLROUND *SB

NF=CSI®SB (1. =A) *XPL{RLR¢UD) *CSE®CB-WR*SST)

HN=-PARTLI* (4, -A)-X* CCRLR$UD) *CHOCST*SBIHRISHYCSI®SB-EI*PARTI2)
WE2=NN"HN sNT *uT

HIO=HE2YCQCR

WNO=WE2*CNYCR
APPI={HNO®(EL*SSTIRLR*CSI*SB) ¢HID RLR*CSI*39)I*X3./P1
CNA=CLAYCOS SALPHAY ¢CDA®S INCALPHAY
CTA=CLA®S INCALPHAY -CDAYCOS LALPHAY

CNP=CNA-CQ .

CaP=CTACN

FL2IRO(2. "CNOHNICNP *HT}

F2=CR* (2. CNHT -CNP* HN}

G1xCRY{2.7CA NN +CAP*NT)

G2sCR*12,°CQ*HI-COPuN)

FUsLRPHE2TCNATFP

Gu=CROHE2TCTACFP

HELP2=AUD*(-CH CS I®SB*GLCSI®CR%G2)

WP2sR E3PARTI2UFP

HFL1=-PARTL2%(1 . -A) *FFP }
NFL2=X" (RLRIUD) *SHPCSI®SBOFFP-X"SH* S I®SB*FF-XYWRSCH*CSI*SA*FFP
HFL32-NPE3*PARTI*FFP-X*BUDYCHOCST*SH

WFI=NFLL¢WFL20WF13

WF2=-X® (SSI*FF-BUL*CSI*CB)
Moly(lklk'ﬂnl'GH‘CSI‘SBONR'SM'CSI'SB-E!'ISSI'SMOCSI'SN'CODl'R‘Folv
HO2= {HR®SSE-(RLR+UD) *CSE°CA) *REFO/V !
HOL=tYLSB*CHICRLREUDI *SSI¥SBYCHENRY SHESST*SHCESCPARTS) *AsY
MD2=R/VO(YLECBs (RLRUD) * SSL*CBeNR*CS T
HOI=R/VPEYL*(SSE*CATCHe SKPCSE) ¢ARLR¢UD) *CO*CHINRS SHTCB+EI*SHSB)
HWO4=R/VPEVLOSS1®50¢ (RLReVD) *SBI

NNO1=PART1%F1-PART2F2

HIOL=PART 1*G1-PART2*G2

HND2=PARTE*FL1eSSI°SB*F2

HNDI=CW*SB*F1-CB*F2

WID2=PART6*544551%508°G2

#iDI=CH*SB*G1-CB°G2

HNDD2=HDI"F L ¢ HOL® F2

HHDD3=WD1 *F 1-HO2°F2

WTDOZ=HO3*G1 eHDL*62

WIODI=NDL*GL -WD2%G2

COO*¥+FIND THE INTEGRAL COEFFICIENTS JF YAW AND VAW RATE
]

91

SAH={1.5/Pk}

OCTIA=4 % (1.2, %A)

DINL=DCTOA®DIS*DIS*0IS DRR*FLO3S*CSI

IFQA.LT.ACY GO JO 9018

0211=(GLUARTZDCTOA) *0Z1Y

ADZIZ={PARTL*FL~PART2%F2)* (EL*PARI3-PART, *SSI*SB)
BC212=¢ (PART 49G1 ~PARTZG 20 *{PARTS *PARTI-PARTL *PARTEY
D2X2:SAN® (ADZI2+DBOZI2) *O1S°ORP
ADZ13=(PARTI*F1-PART2F21%L-E1°SH*SB¢PARTLSCE)
BOZI3=-(PARTL2GL-PART2°G 20 *(PARTS *SH*SB ¢PARTLOCHSB)
DZI3=SAM® (ADZII*BUTI3I*DIS*ORR

06T



OZIL=SAN* ICH*SD*FL-CA*F2)*(EL*PARTI-PARTS, *SSI*SB) *FD*DRR
DZIS=SAH® (PARTG*FL+SSI®SBOF2) *(E1°SN*SB-PAITL CO) *FO*ORR
DI16=+SAN®ICHOSB*G1~CB®G 20 * (PARTS PARI 3-PART4 *PARTE) "FD*0AR
OZIT=+SAH* (PART6*GL¢SSI®SB*G21*(PARTA®CHTSAIPARTS*SHSA) *FOCORR
DII8=SAH* (PARTT*FL-PARTO®F2) *IEA*PARII-PARIL®SSL*S8) *FOCORR
DZ19s-SAHY (PARTI*FL+PART10°F20*{PARTL CI-ELY SWYSB) *FOv0RR
DIT16=2SAN® (PART7°G1 -PART*G2) * (PARTS*PARTS«PARTA "PARTG) *FOCORR
DIE1L=¢SAH® (PARTOYGAtPARTI0%G2) *IPART 4 *CHPSB¢PART 5* SU*SBI *FO*DRR
DZI12=SAHSLCHOSBOFL-CB*F2) *IEITSH SO-PARTL*CBE® FOTORR

D2I13=SAH* (PARTE *F1¢SSI*56*F2) *{-EL*PART I WPARTL *SSI¥S50) FFOOAR
OZT143+SAHPCCH*SB*GL-CO®G2) *(PARI S SHSASPARTL *CH ¥SB) SFOYORR
021152-SAN® {PARTE*G1+SS1YSBPG2I IPARTS*P ARSI 3-PART 4*PARF6) *FO° ORR
DI116=SAH*{PARTT *F1-PARYB*F2)*LEL®SHOSD-PARTLOCOI *FOYDRR
DZILT7=-SAH* (PARTI*FLeFARTLIO P F2I*(EL*PARTI-PARTL*SSI®SA) *FO*0RA
DZE183¢SAHT (PART TG 1-PARTO*G2I*(PARTS*SHSIePARTL*CH*SBI *FO*DRR
DZEL9=-SAN® (PARTI'GL+PARTERPG2)P(PARTSOPART I-PART 6 PART 4} *F D DRR

Co"*voHASS MATRIX

QVEL=0.5°RHOV*Y

DYNA=(3.70VEL)

DDE=2.2YLOVLE4 Y YLOHR*CSI®COeL YL CRLROUC) ®*SST-4. YYLYER®CSI®SE
DD2=NROHR® (11, +{CSI®CAI®*2,) PERERYIL .+ (5B CS TN ®*2.)

DO3={RLRUC) ¥*2, % (1, +SST*SST) -2, YER®HRPSACAS 1 ,-SSI*SS T

DOE=2.® RLRAUC) *HA®SST*CSI*CO-2.% (RLRIUCI *ER*SSI*CSI®SB
00S=(CSI*CHI**2, 2 (SSTOSHICBI* 2. e (SH*SAI **2,-2,*SSICSI*SHOCH CR
DD6=((SSI58) **2.4CB°CONAL2

DDT=(CSI®SHI®*2, +(SSTPCNOCOI *¥2, #{CH"SO) *22,¢2, *SKUCHTSSTI®CSI*CA
DZMOL=DYNA* {AMASS® (001+DC20DDI4DDu) ¢ ATL* DS ¢ DD6 +A 13°D0T D *FO* FOSDRR

3
Co*o**DAMPING COEFFICIENTS HAVRIX
c

CODLa((KDI*F 1-ND2*F2) *FATLI¢ (MO FLENOLYF2) *TATLS) °FO*FOD
COD2=0¢ (HD1*G1-HD2°G2) *TATLS - (MO3*51# NDL*G2) *TATL 6D *FO*FD
0IC0Z=1.5%(C001 +CODZY *ORR
OICO1=IPARTA*FL-PART2°F2ISTAILICIPARTI®GL-PART2*G2)*TAILS
D2001=4.5°0ZCOL OIS FO*DRR
DICD2=(PARTL*FL-PART2YF2)*TAILL-IPARTL%G1-2ART2°G2) *TAILG
DIC02=1.5*DICO2°DIS*FO*DRR

c
CoreoveSTIFFNESS COEFFICIENTS MATRIEX
e

2002 = 4CH*SBPFL -CO*F20*TAILI2 (PARTS F1eSSI*SB F 20 *TAILLI*FO°FD
2002=8¢ (CHI SB*GL-CA®G2)* TAILS- (PARTE*GLeSST®SB*G2) *TAILEY *FO°FD
DIKOZ=1,5°12D01 ¢ 20020 DRA
OIKOA=(PARTL*FL-PAREZYF2ICTALILICIPARTL4GL -2ART2°G 2) *TAILS
0ZKD1=3.5%02KDI*DIS*FO*DAR
0IKO2={PARTL¥F{-PART2OF2)*TAILU-(PARFA®GL-2ARTZ7G2)*TAILG
DIK02=1.5%DIKD2Y01S*FO O AR

7001121 .5%(CHOSB*FL-CAYF2) *TALLIYFD*FDSORR

7001224 .3*(PART6 FL4SSI®SB*F2) *TAILG FDFD*ORR
70021=1,5°CH*S8°G1*FAILS *FDPFDCORR
20022=-3.5*CB*62* TAILS*F O*FO* DRk

J0023=~1. 5% IPARTE*GL4SST*SB G2 TAILG*FD°FO® ORR

Cessveve STIFFNESS IN YAW

DZD0L1=((CHOSBOFL-CB"F2) YSB*CH(CH*SB*G1-C3°G2I°CRI*FO*FO

OZ00L 2= {PARTE*F19SSI¥SB*F2I*ISSI*CA CHISHYISTICFOOFO
OIDDL3=~[PART6*G1¢SSI¥SBG2) *SSEVSB*FO*FO

DZ00L4e=(IPART 1*F1-PART2%F2) SO CHIPARTL*GL-PART27G24°CB) *DIS*FD
OI0DLS=-(PART1°F1-PART2%F2) *{SS1°COYCHe SUIST) *0IS*FO
D200L6={PARTL%G1-PART2*G 21 *SSI*SA*DIS*FO
DI0L1=1.5°(DZ00L 1 +0Z0DL 2 +OZ00L 33 % DRR

020L2=4.5%0Z00L4°® DRR

02DL 3=1.5°(DZ00L5 +D200L6 ) *ORR

DZD0WL= LICH*SBPF1-CO*F2) *HR*SH*SSI®SB*ICH*SB*GL-CH®G2) *HR*C SIN

DIDDHL=DILOWL*FO°FO

0Z00K2= (PARTEPF145SI®SB® F20 "HR*SN CB*FO°FY

DIOON3I= EPARTE*F1-FART2%F2) *WR* SH*351*SB*DIS® FO

02004 = (PARTL°G1-PARF2%G 2) *WR*CSI®DISOFO

0ZDDUS=-(PAKT 1°F1-PART2%F2) *HROSH*CA*DLS*FD
020Wi=1.5°(DZDON1 +DZDDH21 *DRR

D20H2Z=) .S°(DZDONS +0T0DKL I *ORR

DIDW3=1,5°4DZDDNS ) *DRR

DI00RE= {CHOSB F1-COTF2)® CARLRsUMI*SSI*SAOCHeEL*ISSI®SHCB-CSICHI
DIDOR120Z00R1 *FO°FO

DZ0DR2=4{PARYE*FL4SSI®SBOF2)* C{RLRUNI*CBICH-EL®SHYSBI*FUCFD
DI0DR3I= (CK*SBGL-CBG2)* ({RLRAUN) *5S I°CA) *FD*FD
D20DR4=~{PART6*GE4SSI®SB G20 ¥ {(RLRIUNI®SB) *FO°FD

DIDORS= (RLRIURI ®SSISI*CNEL2(SSE®SHCO-CSI*CHI
DZDORS=DIDORS * (PARTLVFL-PARTZOF2) *FO*DIS g

DIDDR6= (PARFA°G1-PART2°G 2) *( (RLR#UH) *SSI*CI°DISI*FO
DZDORT=-(PART 1*FL1-PART 2% FZ}* L CRLR *UM) *CA*CH-ELOSHSBI *DIS*FO
DZDORS= (PARTL®G1-PART29G 2) * (RLRsUN) *SB*OLIS*FD
0I0P1=1,5%{DZDDRE ¢+ DZOOR2 +DZOORI*0ZO0RG) *ORT
OZDR2=1.%5°{0Z00RS +D2D0R6 I*ORR

DIDRI=L.5°{DZODR? +DZDORGE®DRR

Ssvvsevensy

sse  EFFECT OF TOWER SHADOMW

seesony

DCQ0=-(WNO TAILIoMTE TALILS) *FODRR
DCALL=~{WNO*SBCHINTE*COIFTI®ORR
OCQRA==(NNOS TAILIS+NTI®TAILSSI*FO DRR
TFLIN.EQ.1) THEN

FED=9./8,

SFOL.EQ.1.DR.J.EQ. &) FEB=J./8.
IFLL.GE. 4 In=0

ELSE

FEB=2,/3.

IFNTEST.EQ.0) FEBa4./3,
1F¢1.6Q.1.0R. 1. EQ. KK} FE®=1,7/3.
ENOLF

SeveveSTART THE SIHPSON INTEGRATION

213211 +FEQ* 0211
152=112+FEB* (D212}
I13=213¢FEB® (D213)
Tlh=210¢FER® (DLT4)
115«215+FEB* LOZIS)
T16=716¢FED*LDLIGY
2IT=TAT+FEB®(D2LIT)
210=118+FEB®(DLI8)
219=219¢FED*LOZIN
T140=2210+FEB"(O2TLDY
TI4=ZARSFEBLO2 L)
TEL2=TU42¢FEDID2112)
TU13=2113¢FEB°LO2I1I)
TI84s2Ti6eFEBTIOZELNS
TUL5=TEAS+FEBI1DLILS)
TI1622116¢FEBYIDLIIL6)
TILTs2IATeFEBLOZILTY
T130=2110+FEB*1O2110)
T149=2119+FEB°LD211D)
ZHDD=ZHODFEBTLOZNOD)
ICO2=ICOZ+FEB*I0ZCOT)
2CDL=2COL+FEB*(D2CO1Y
1CD2=2C02+FEB* 1D 2CD2Y
IKD1=IKDL ¢FEB*(DZKOL)
IK02=IKD2 +FEB*(DIKD2Y
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IKDI=IKOZ+FEB OIKOZ
€ag=Co+FEB*OCAD
ZDL1=Z0LL ¢FEB®DZDLL
10L2=22DL2 +FEBDIOL2
20L3=20L3+FEB*DIOLY
IDN1=20N1 +FEB*DZONL
TOW2=20HZ +FEB*O2DH2
IDN3=ZDH3 ¢FEBTDIONS
20R1=ZDRE +FEBYDZORY
T0R2=20R2 +FEB*O2DR2
IDRI=ZDRIFEB*DZORY
CPAA=CPAAYFEBAPP [*ORR
WT00=HTO00 ¢FEB*HT O PORR
12011=22014+FEB® 20011
1201212012 ¢FEB* 1DD12
12021=12021+FEB° 20021
12022=22022+FEO* 20022
11023=21023+FER*10023
COL1=CQLE +FER*DCOLY
COR1=CQR1 +FEB*DTARL
R=RX*COS{SI)
IFI1.EQ.TL) THEN
IL=1e2
ELSE
ENDIF

10 CONT INUE

¢
CO**vvsCALCULATE THE VAW AND VAN RATE VARIATION
-
s

IFIRLR,EQ.1.) THEN
SKDEL=*SJDEL=SKRDEL=SJRDEL=D,
£LSE
12 DENO= T IL-283)°*20202°202
SKOEL=CUZELeZI5 o260 AT SC2ZIL-2030-202°CZE12020 13021100 211508 /0EM0
SJOELSCIZIN+2ES e 2060 2ATH 22120 4204-2E30 (22020201342 440211500 /70ENO
SJDEL=-SJOEL
SKROEL=(ZEIB+ZIS¢ZI10¢ZT 149 (2NL-2X3}
SKROEL= ISKROEL=-Z12°CZL1642 117421200 2119019 /70ENO
SJURDEL=(ZI0¢ZIO 2110421040282
SJURDEL=~(SJROEL¢ | ZE4-2130° (21264 ZIAT+2TA8¢Z1193)/0ENO
ENODIF
21CDD=ZCDZ +SSIROEL*ICDE-SKADEL * 2602
IKDD=ZKDZ ¢S JOEL *2KOL -SKDEL ®2KD2
IKOL=20L1 ¢SJCEL *Z0L2+SKOEL*ZDLS
IKDR=ZDRY ¢SIDEL * ZORZ+SKDEL* IDRS
IKDW=ZDHE +SJDEL *20H2 4 SKDEL*20M3
R=RX*COS(SI?
RETURN
€ND
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PROP's Output

THEORETICAL PERFORMANCE OF A PROPELLER TYPE WIND TURBINE

OPERATING CONDITIONS:

WIND VELOCITY - FPS = 32.3114

WIND VELOCITY GRADIENT EXPONENT = + 0000
HUB HEIGHT ABOVE GROUND LEVEL - FT- =
ALTITUDE OF MUB_ABOVE SEA LEVEL - FT =
ANGULAR VELOCITY -~ RAD/SEC = 7.73%97

TIP SPEED RATIO = 4.0000

PITCH ANGLE FROM NOMINAL TWIST - DEGREES =

PITCH ANGLE AT 0.75 RADIUS - DEGREES =

CONING ANGLE - DEGREES = 3.5000

BLADE DESIGN:

NUMBER OF BLADES = 3,

TIP RADIUS - FT = 14,8560

HUB RADIUS - FT = 1,62%0
SOLIDTY = - 084600
ACTIVITY FACTOR = . 00000
NACA PROFILE = 9999

NUMBER OF STATIONS ALONG SPAN = 1

CHORD AND TWIST DISTRIBUTION

$50. 0000

100. 0000

PERCENT RADIUS CHORD-FT TWIST~DEG

100.0 1.50000 . 00000

PROGRAM OPERATING CONDITIONS?

INCREMENTAL PERCENTAGE = 0200

ANGULAR INTERFERENCE FACTOR, AP = 0.0

STANDARD AXIAL INTERFERENCE METHOD USED

TIP LOSSES MODELED BY PRANDTLS FORMULA

NG HUBLOSS MODEL . USED
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ANGUILAR INTERFERENCE FACTOR., AP = 0.0
STANDARD AXIAL INTERFERENCE METHOD USED
.

TIP LOSSES MODELED BY PRANDTLS FORMULA

NO HIJBRLOSS MODEL USED

FERFORMANCE ANALYSIS?

PCCR A P cL co PHI ALPHA F RE NO cT

. 980 . 3548 - 0000 51 .015 9.347 3.279 - 3784 « 123E+07 . 0096
- 960 - 2970 - 0000 .62 -016 10.37% 4,204 . 3000 . 120€+07 . 0246
940 « 2638 - 0000 69 .016 11.077 5.004 . 5840 - 116E+07 0412
920 .2419 - 0000 74 017 11.641 S5.548 4486 < 116E+07 . 0588
. 900 . 2240 - 0000 .78 <017 12.133 6.054 . 7008 < 114E+07 . 0762
- 820 -2139 . 0000 .8t .018 12,3128 &£.308 7428 « 111E+07 . 0938
-840 <2043 - 0000 -84 -018 13.024 6,937 « 7800 . 109E+07 <1114
-840 <1964 - 0000 .85 019 13,450 7.340 - 8106 - 107E+07 . 1287
. 820 . 1897 - 0000 .89 -019 13.873 7.782 . 8347 « 104E+07 . 1438
- 800 . 1840 - 0000 .21 <020 14.206 8.208 - 8591 « 102E+07 - 1623
.780 <1799 - 0000 .93 .020 14.745 8.642 .8783 < PPSEL04 . 1789
750 1742 - 0000 95 -021 1%.197 9.099 . 8749 . 9726404 1948
740 -1700 . 0000 «?7 <022 §1S5.664 9.551 . 9092 . PARE+0L .2102
<720 . 1&&60 - 0000 .99 .023 14,150 §0.03t . 9213 « 92SE+04 . 2252
700 <1622 <0000 1.0t -027 146.458 10.3533 . 9322 -901E+06 .2397
. 480 . 1588 ~ 0000 1.02 -03% 17.190 tt.ose .9414 + I7RE+08 « 2537
. 440 - 1550 0000 1.0S -041 17.749 11.410 . 9494 . 8SSE+06 2672
. &40 L 151S 0000 1.0& .047 18,332 12,191} . 9543 « 832€+0& .2802
. 8420 - 1480 0000 t.08 054 18,961 12.€06 . 9623 . BOPE+06 .2727
. 400 -1444 - 0000 1.09 042 19.421 13.457 9673 » 794E+04 - 3044
. 580 . 1408 .0000 .11 -074 20.321 14.148 . 9721 +763E+04 .3160
. 540 -1371 -0000  1.12 -1056 21.048 14,894 . 9760 « 740E+04 . 3269
540 -1332 -0000 1.13 -140 21.845 15.470 . 9774 +718E+04 .3374
-520 1290 <0000 1.14 176 22,721 16.513 . 9823 - 6PAE+0S . 3473
. 500 1243 . 0000 1.15 215 23.441 17.420 . 9849 . 473E+04 . 3568
- 420 1181 L0000 1.13 -259 24.570 18,434 . 9870 «&52E+406 . 3638
- 440 -1041 .0000 1.0 -313 25.960 19.708 . 9886 <431E+04 3741
- 440 L0911 « 0000 96 395 27.314 21.044 . 9901 - 411E+0& .2214
-420 . 0902 . 0000 .97 -428 28.438 22,149 9918 . S89E+06 .3e82°
- 400 - 0891 -0000 1.02 - 4863 29,452 23.2341 -« 9933 < S6E+08 .3948
-320 - 0980 .0000 1.05 502 30.968 24,430 . 9945 . S47E+06 .4011
- 360 . 0864 «0000 1.08 -546 232.3% 24.026 . 9958 < S24E+04 . 4072
.340 . 0851 .0000 t.10 .594 33.929 27.541 L9963 . SOLE+06 4131
.320 . 0824 -0000 1.13 -4648 35.407 29,129 . 9973 < 48LE+08 -4187

<300 .0814 .0000 1.15 «707 37.434 30.980 . 9980 - G4LE+08 .4241
- 280 0792 - 0000 1.17 772 39.4285 32.935 . 9935 . 447E+08 . 4292

.260 .0767  .0000 1.19 .844  41.598 3IT.067  .9990 L420E+06 4341
.240  .0739  .0000 1.19 .923 43.970 27.39%  .9992 LA11E+06  .4280
£220  .0708  .0000 1.20 1.008 46.559 20.934 .999% L3IPSEL06 . 4432
£200 L0672 .0000 1.19 1.101 49.221 42.707 .99%8 L379E406 L4478
<180 .0A34  ,0000 1.17 1.200 S2.450 45.722 .9299 L3B4E+06 . 4S1S
2140 L0SP1 L0000 .14  1.304 S5.776 48.992 1.0000 L3SIE$06 4S5S4
£140 . 0S44 0000 1.09 1.411 SP.344 S2.523 1.0000 L33FE+04 . 4592
S120 L0474 0000 1.0 1.S20 4£2.210 SA.212  1.0000 L320E406 4628
<100 L0439 0000 .94  1.426 47.299 A0.344 1.0000 _320E+0& . 4862
L0P8 L0432 0000 .93  1.439 &7.811 &0.8%53 1.0000 LIIVES06 . 4666

PERFORMANCE SUMMARYE TIF SFEED RATIO = 4. 000
TOTAL POWER COEFFICIENT = .2443%

INITIAL NORMALIZED STATIC TIF DEFLECTION IS -, 290R2SE-03
AVERAGE FOWER COEFFICIENT WITH GRADIENT = . 24435

TOTAL THRUST COEFFICIENT = <AbLs

TORGUE VARIATION [KE T0 AERODYNAMIC SECOND DERIVATIVE = . 0290
TORNUE VARIATION DUE TO SHEAR SECOND DERIVATIVE = . 0287
TANTGENTIAL FORCE FER BLADE IN ROTOR FLANE 34,5114
QS = -.22701§{E-03 FREVIOUS QS = ~.325095E-03 NO OF ITERATION IS
2MoD {atol) IxDD coo
.378797 . 194088 .245374E-01 -, 102974E-01
SKDEL SJUDEL SURDEL

~.219537€-01 —. 995018E-01 -.135 -.10173%€E-01

Craa = . 260650

3

CcP
+ 4431465E-02
- 130153E-01
-234332€-01
«348449E-01
-448801E-01
. 592242E-01
«717261E-01
. 842640E-01
«9674746E-01
. 109107
.121287
< 133243
. 144938
- 156340
- 167319
177798
-187782
197197
- 206157
«214628
- 222603
229778
-236044
-24147S
. 2846126
» 250027
. 252587
. 25423914
255424
254418
. 257238
258192
. 258988
. 259724
« 260400
261019
261583
« 262092
+ 262550
- 262958
. 263320
. 626234
-263911
2464146
.264342
. 2647264
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PROGRAN aren  (INPUT,OUTPUT,TAPELD
COHMCH Largnd

CCMHON /STIFF/ ALL,E10,365,6J0,H7,0S
EXTERHAL TO4,TIM

.lvlv!llv!.llcol.iviétviiii'iiu-olo.-!.loo.Ovu.iiii..iii.liii!'66

THIS PROGRAM CALCULATES THE POWCR COEFFICIENT AND WINCHISE
FORCE CGL FFICTENT FOR A MORIZONTAL AXIS WIND TURAIHL

AND AENERATEZS THE SOCFFICIENTS OF €QUETION OF MOTI0W

GF THe TUSAIKE SYSTEM

OFEGON STATE UNIVERSITY
MARCH 1987

FILE ASSIGHMENTS

INPUY FOK IdPUT OF INOEPENOENT VAFIABLES
ouTPUT FOP PRCGRAM HES3SAGES TO THE USEF
TAPL 1 FOR A LISTING OF THL PROGRAM OUTPUT

VAPIABLES INPUT FROM TELETYPI

9 NUM3EE OF 3JLADES

ACRK DIMENSIONLESS CHCRD 1O RADIUS RAITIO AT BLADE ROOF
£ SLOPE OF LIFT COI FFICIENT CURVE

ORR THCRE HENTAL INTEGRATION STEP ALCONG THE BLADE
cne MININUA BRAG COEFFECIFNT

cLn HAXIMUM LIFT COcFFICIENT

PYCH . PITCH ANGLE-IN OEGREES .

8FY TRIST AMGLE AV SLADE ROOV-IN CHGREES

oBYA IACREMENAL THIST ANGLE CHANGE ~IM DEGREES

aLg ANGLL OF ATTACK FOR 2ERO LIFT

AST STALL ANGLE OF ATTACK

51 CONING ARGLE

RT RADIAL PCSITION AT HHICH THIST ANGLE CHAMGES
ocuo INCREMEH1 AL CHIRD CHANGE RAT10

RC RADIAM POSITION AT HHICH BLADE CHORD CHANCES
RH HY9 FADIAL POSITION

A9R LIFT BREAK AHGL: OF ATTACK

OTWER VAFIABLE ASSIGIME MS

A A IAL IHDUSTIOH FACTOR

cP PCHER COt FFICIENT

cr HINOWISE FIRCE COEFFICILNT

xn LCCAL TIP SPIFD RATIO

8.T4 LCCAL THIST ANGLE.

cL LCCAL LIFY COEFFICIENY

co LCCAL DFR#6 COCFFICIENT

CR LGCAL DIFEHSIONLESS CHORD TO FADIUS RATIO

erl LOCAL ANGLE OF RELATIVE VELOCITY WITH ROTOR PLANE

ALPHA LCCAL AMGLI OF ATTACY

P U TP I e PV NI IS ITEITE IV I P IR POONIIIIIIININGINIIIENOTIONIIIS

P1=3,141592¢€356

aoOO0

87

st

L]

oOO6Bn

200

27

P Ty R Ry Y Y T I R Y R Y NN

INDEPLNDENT VARLARLE INPUT S[CYlDN‘

PesddieisbGovrnivrsiissivisvorenenrrinsy
TIRIN=SECONO1)

PRINTL

PFINTZ

KEAD® 4 By NCRR L Mo DFRy XHIN, Y HAX 09X

disversyene

PRINT 3

READ® ,Z00 CLH,CLFL,ABR

PRINT 65

PEAD® JALO,AST,SI,PICH, BRT, 0932

PEINT 66

READ® , FT,DCNO,RC 4 RH

PRINT 67

FORPATI® INPUT SHLAR CENTER POSITION ES/Ce XCGi CENTL& OF MASS°*)
G

FORMAT (* INPUT [ AND G °}

READ® 4AE 4 AG

PRINT 54

FORHAT 1* INPUT OGMEGA,RIC, YL Fod*
READ® +OHPHO, YLy Ry MY

PRINY 68

RLADS o SUPP

FORMAT 1*SLPPRESS INTERMED. OUTPUT? (Y1}

L N T T R L R L

HEADINGS AND CALCULATION OF CONSTANTS

P LT R Ry T N Ty R R X L A L]
HFITE4,€00

HRITE (3,450 BeACRP,DCHND+RT 4RCHRH4IRT40BTA
HEITE 43, 8ICLM.CLFL,EN,AST AOR ALD,COO
HRITE (1 490 XNIN,YHAX,DRR,S1

CONVY=PL/180.

AC=, 358

FAV=4,

WeYL/F

SIsSI®CCNVY

CSI=COoS{sSI

§SI=SINIST)

DBTA=DBTA®CONVY

ABR=AAR?CONVT

ALO=ALG"CONVY

AST=ASTOLCNVE

AMAX=PL/Z .

ILDT 21,

Co4=CLFL/ LOY

CO2= (CLFL/ZLOTI* i1 +STNLASTIIZC S eSINt2,%a5TH
ROSEXATANIC(. L1/CLFLI**,57)

EMLSCLFLZ ISTHLANAX-AST 1)

HRITE (1,210 PICH

A=A MIN

ANG=BKY*CONVT

RIR=RT /F

RCR=RC /R

RUR=RH/®

CONT INUF
KKz
V=DM*R/X
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KL=1

=1

ns=.L23

DX=DFR*X

DP=DFFTH

THUM= (E-RFI/OR
NUH= T HUY

N=NUP

IFCNUHONE LTHUHE H=UNeL
xL=X

[
Ceve s INITIALI LD

<

711=712=713=256=215=216=207=718=119=2110=7141=2012=2143=711420,
M15=214€=2117=2115=7149=0.

2MPP=IHOF =ZNPO=2HFF =ZMF0=2400=7H00=2CPP=ZCPF=ZCPO=2CF P2CFF =0,
7CF 0= 2COP=2C0F=7C00:2CD2 =201 =2C02=2xPP=kbF< 2KPOZ IKF P 2KFF Eb s
IKFO=7KOP=7KOF =7K00=2K0Z=TKD1=2KD2=THP=THF=TH0=C,

CPO=SHDP=SMIF= 39002 SHOD=SCOP=SCOF =SCOC=5COL2SCNI=SCOK =D,

SKDP =SKOF =3KD0=3K01 3SXDJ=SKDK=0
SCPNY=SCPO2=SCFO3=5CFO2=SC001=5C002=0,
SKPDL=SKPLZ=SKFD1=SKFD2=5X0015K00N2=0.

§4=52=53=55125522553=0.

GHCOS=CMS ENZGPCOS=GPSIN=GFCOS=GFS IN=GOCOS=COSIN=0.

G=32.2

Gr=G/C

700 §=70LE=2013=20R1I=70R2=70R3=20W1 =7 0W2 =203 =0,

ci=d.

cP=t.

ATsGP=ATR=0.

APAz-X®%2,*C0C° {BCRR-B*OCNDY

7F=0.7

79=COS1PL/2.°7F)

Ri sSORT LAY D**, 66661 /(X8> *,£66641,32))

TFLP.LT.3.) RESSORTURY®.EBE6/1D% 66EE 4, LLIY
GLULRTZH.%13.=2.%AC)

KL=y

Hhzn e

=t

1=1

[

Ceseses CHECK TO SLL 1F NUMIER OF INTERVAL IS FVEM
Gevssvs EVEl--~1/ FULE  ODD---3/8 RULE ON THEL FIRST
Coveere THSEE INTLEVALS

c

5853
555

ne

KHALF=N/2
TF(4N-2YKHALFY JEC. Q) TH=E
IFIKL.EN.1) GG TC 555
IFISUPP.EN.LHY) GO TO 555
HFITE t3435)

TFAKL.EN.1). THEN
NMALF=011/2
NTE3T=JU~Z*NHALF

ELSE

NMALF =1 /2

HTEST=1-2"MHALF

RLR=XL /X

RLR2=RLK*SLE

RLR3=FLFZRLE
FLRY *RLR

PV IV NP e T EIT PPN RN VIO O IEII NI NEAIOERIIII VI IINSEIIITIIRIIISE

OO0

D000

32

1]

CALCULATICN OF LLCAL THWIST ANGLE AND
LOCAL CHORD TO RADIUS RATTO

PUBIBOININ P EINCINSIPIII IV IIPATINPIINIIROITNGEITGPIRIINIBIIIINIRIIILS
PCR=XL /X

EP=t1,~PCFI/tL.-FE)

EFSHL=29° EA

FRIG=Z4/PI®ACCSIEFS L)

1s(1.-PCRI*LG.

=12, °°210 -4,

BCR=BCRF

IFC{RLRLGE JRCR} 3CR=ICIR-ABCND* {RLR-RCRY 7 (1. =RCKY
IF(FBIG.NE.O.} OCRF=RCR/FBIG

CF=0CR/A

ELP=LESC-XCG) *CR

E3=(ESC-.25)1°CP

E2:00.75-ESCICP

E3200,5-ESCI*CR

Cv=CReR/V

9F FA=ANG ,
IFUFLR.GELRTR} BETA=ANG-DATA® (RLR-RTR)/ (1 o=RIR)
BETA=BETASPTCH*CONT

IFAFBIG.NE, 0.5 ENZIEML®ACRFONCSEZ 12, *PT)
SYEL=ACR/A® XL /7X)

AM=ASINICLH/ (2, *PI*EN) ) -ALD

T A R R L Lt

CALCULATICN OF AXIAL INDUCT ION FACTOR

esssssssererecses
IFIRLR.E0.0.) THN

CL=ALPHA=D,

PHI=RETA

Az,

ELSE ,

Gxh.®(h.=2.%4AC)

Hel, PACS (1. -AC) ~6°AC

ABzBCFF*) *EM*CSI* ICOSTIIETA-ALOI~FLOSINIRFTA=AL DY) =H
A=&R7{BCRF*X L H (ST COSUAETA-ALOY ¢G)
PHI=ATANGIE.~AD/XL)

ALPHAPHI-DETA

JFLA.GY.AC) GO 1C 30

izl . ¢BCRFSLMOX*CSI*COSIB TA-ALO)
CA=BCRFPENOX*CSIMICOSIBETA-ALOI-XLOSINIBt TA-AL DY)
4= (01-SAETINL®92-16.5C11) /4,

PHI=ATANTIL.=A)/0LE

ALPHA=PHI-BETA
CL=2,*PI*SH*SINIALPHESALL)

IFEARSICLILLT.CLHI GO TO SO0
CL=(ABSTALPHAY ZALPHARYCLN

IFCLRSUALFHA) L RT.33R) CL=LALPHAZANSLALPURII*CLFL
LN=BCRF*).*CL*CS1/¢2.°PI)
B2=(GOHIENS ZI2MG P 2-L N 2y
CezlF U= 2011, 0 XL "2V =H*32) 7{Co*2-CH" )
BOON=B2Y 2 ¢C2

IF(BOON.LT..0Y £=D,

IFEBGOH.LT..0) &G TO 32
Az=02¢59F TIBC**CeC20
CONT INUE
PHEzZATANL (L. =20 /700)
ALPHAZPHI-At T3

IFLABS(ALPHANLL. AR CL=IAIS(ALPUA) ZLLPHAY"CLY
TFCARSHLALPHAY (GT L 2ARE CL=CALPHAZANSIALOHADY ¢CLFL

LR Ny R X
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onoan

31
35

500

IFLALGT.AC) GO T0 35

DC Y& X=1,5

BIZOCPFOAL NSCLACSI?SORT (L. ¢ (L. =AD/7XLI**20242.°P 1)
A=(8 -SORT(Y.-A3NI/2,

PHE=ATAHL (1. -2)/7NL}

ALPHA=PHI-NCTA

IF(ARS(ALFHAY .GT . 23R} CL=TALPHA/ZARSUALPHAII*CLFL
IF tA2SEALPHAN.LL,ABR) CL= CALPHA/ABS (ALPHAID *CLH
CONF IHUE

CONS INUE

IFLALPHA LT, AST) KO TO 580

ETA=PETasanax

CEYA=COSSETA)

SLEA=SINIETAY

EMA=NCRE* X712, *P1* 3 INCANAX=-ASTH)

Az (EHASIXLOSETA-CETA)-HIZ1G-EMATCETAD
PHI=ATANIL.-AY/SLY

ALPHA=PPI-ILTA

CL=EML *SINTAMAX-ALPHEN

IF 1A GT.ACLAND.CL.LYL.CLFLY GC TO 500
Nuzu,=LP22COSLLTA)

CL=THZ* (XL "SINIETA) -COSIETAN)
A={DL-SOFTINL**Z=48.3ChLI} /8,

PHE=ATANCLL  -A) /LY

ALPHA=PH]-BETA

CL=E Y42 SIHLAMAX-AL > HAY

ALPHA=PHI-IETA

ENDLF

senssveny

VUUSINNE VI RSO NI SO RN NI SRINUNPEIIROINNIIIININNNNS

CALCULATICN OF OFAG COEFFICIENT

E AN VIR TIPS NN IR TIPS N s SEaUNITEIIISINEINIsITEUnEItly
ARSAL=ABS(ALPHA)

SA=SINLAB3ALY

COA=CUS(LESAL)

S£2=SA%SA

0082, 20964

NN =ARR

IF(ANSAL.LT.BCA) CO=(DO*(1,953.31%LRASAL 2.1}
IFUARSAL.LT.BOBE CIA=107.62°COO°AASAL
1F(ABSAL.GE,AORY CI=3,36°CO0~-TANCROR) ¢TANIABSALY
IFC(2R5AL.GE.DONY COA=E s UTANTASSALY) *22,
TF{ABSAL.GT.BOBE) CO=2.439%CLFLCI{TANIARSALY ** 2,25}
IFTARSAL,GT. 60020 THEM

COA=5,2593 85 CLFL tTANTAISALII® =1, 15 1. ¢ ITANLARSALII® )
ELSE

tHOIF
IFIEBSAL.GE.RCSEICOA=COL® (1. + ITANIABSLLYI*"2)
IF(AR3AL.CEL.FOSEY CD=COL*TAHIAISALY
JFLARSAL.GELAST) CO=CN2°582/7 11,4580
IFUARSALLGL,AST) COA=CD2°12°SACCORSSASSATCIND 71, 45A0%°2
CSP=COS (PHI}

SUP=SIN{PHL)

CAS=COStALPHA}

SAS=S INCALPHAY

Ch=CL*CAS ICOH®SAS

C0=CL*S5AS-C0*CAS

CLA=2,%P1%zY

IFLa0sAL ET.aM) CLA=G,

IFLABSAL.CT.ASTI CLA=-EHLISCOStAMAX=-ARTAL)
CNP=CLA®SAS-COACASSCit

CHP=CLA®CAS+CDA*SAS-CT

CRA=CLA®CAS*COA®SAS
CYA=CLA*SAS~CDAYCAS
OPNT=PHI/CONVT
DAL=ALPHA/CONVT
bBET=BETA/CONRVT
IFIKL.[0.4) 10 YO 20

IFCRLP.EC.4. ) THEN
AP=8,
Aveg.

LSE
5P=1(i.-ll'ct-!L'CJi'IL“Z.‘SQRIlt-‘l!l.-ll/xti"z.i'ﬂcﬂ
AT=011.~APSCO#XL"CLY*XL SART (1. ¢4 1. ~AV/RLI**2,}%PC2
EHDIF
CPOsCSI®* I, *(APIAPII*NX/(2.°PI*X)
CI8=CsTos . s LATERY IV onX 12, 8 BYoX)
cr=CTeCTB
CP=CPsCPO
ATB=zAT
APB=AP

]
© GOSN sepROPERIIES OF THE oL ADH
<

AFACTO=D. 04752/ 00,
TFARLRGLE .1, .AND. RLR.GT.0.650L5) THEN
BI2=5.6 73 EXP (-3, 31 3"RLR}
BI3=67,3636EXP1-2,0236°FLR}

AHASS =15, SAFACTOSE(PL-1. 2268 FLR)

ELSE IFEFLR.LE D.6545.AND.RLF.GT.0.3648) THER
B8I2=2.931 EXPI-1 .82 RLR}

BI3229.44 EXP{-0.76"RLR}
AMASST9,65°AFACTOERPE-D. 660 TIRLK)

FLSE IFIRLR.LE 40,2568, AND.RLP,GT,.0.2393) THEN
B12=4,567¢°LXPU-4, 8500°RLEY
IFLFLRGT (0. 2bh) II222.443%EXPI-1. 80 2°RLK}
a13=44.3726°RLR* (-0.6585}
AMASS=5,243%LFACTO*RLR* *( -0, 3695}

LLSE

B8l12r2.3240

B813=641.924

AMASS=10.A9%AFACTO

EHDLF

Bl1=812481)

f1=pJ2cAt

€10=2.321"A¢t

GJI=RIL*AC

GJO=GL,2ULEVAG

Ceeror et sCHANGE UNIT TC FEET

¢

ATL=AFACTC*IIL/71100. *ROR)
SI2=AFACTC*N]2/(1b0,*R*R}
Rid=AFACTO®9II/ 114G, *RoQY
C1zE1/7 00060 "Ro 00,0
EI0=E1G /0104 PR "L}
GJ2GJ/ {1404 R %, )
GJO=GJIO/ Ll "R 0,0
ALE=AL Ll 78LLG2Ry )
ACI=AGOIZL. 171100 %0 L,

Ceovoseronnrae

]
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AVEL =05 EHOS VoV
Fu=1.

.
F3= {44 =PHE}
7P= LRLR-FHRD /7S
P2=7pP%2P
7P3=IPZV TP
IPL=2P3*7P
*IP2-4 *TIPIATPY
Ze"IP=12.%2P2¢4,%IP3
22.-20.07P412.8702
FE=2,92P-21P*2P
FPP=2.%(1,=7P)

BTANG=(S1°S9*tL.~A) s RALF*CSI"CA
NNORM= (ANCRHA® ANCRMA+ ATANG® RTANGY

DSE=DYNA®AMASS®OMY 01 LEX°SB2CB" (1.-SS17551) “RLI*SSI*CB) *FF *DRR

DS2=0VNASLAI -AL3béone ONssSISCSE CHi FrPoORR
DS3=3. YHNCRH*FF*LN® CR® ORR

Cesreses SINCE BUC=ARUC*AS
PAUL =~ BAWC
DSS4=DYNACANASS*OM® ON® (RLR*CSI®CSIER*SSI*CSI®5B) *PAUL®IRK
DSS2=-0YNAYAMASS*O4*0M*ISB*SB{SSTI*CBI**2,) *FF *FF *ORF
DSSI=DYLASL IVFFPPSFEPPIGRR
IFCIM.EN. 1) THEN
FLB=9./8.

FPh= TFIJULEN ORIV EN.e) FEF=S./8,
FPHP=0, 1FLIV.GEL &) IN=0
CPevevviSSUME STATIC MODE SHAPL ENUAL DYNAMIC MODE SHAPE ELSE
¢
FF3=FF FE9=2./73.
FFSP=FFP TFINTEST.EN.0) FLB=UL./3,
FFSPPFFPP IF{JULEQ 3, 0R. JU.EN.NH) FEO=1.73.
FFHS=FFH ENOIF
FFHSP=FFHF C*%** START THE INTEGRATION
FFHSPP=FFHPP - S1ES4eFEBYOSL
WEZFES*0S*RS $2:S24FL B°DS2
HPzFF3PeNS $3=S3¢F€0°D53
HWEP=F FSPPQS SS4=SS1+FEBYDSSY
CH=COS (HPY §S278S24FEN*DSS2
SH=SINIUP) $S33ESIHFEBTDSESS
CEM=CUTCH-3USH RL#XL-OX
CR=COS (DL 1A) RLR=XL /X
SB=SIN{BETAY 1F (RLR.LY.RHPD THEN
¢ ) RLR=RHR
Ce*sesrr9COKFECTION OF “J0C SHAPE THAT BASED OM LENGTH OF THE BLADE XL=RHR®X
ssvevers(F-PF) NOT ON THE RADIUS OF THE ROTOR ( CORIECTION FOR DFR= ¢TNUF-NUH) *DKR
gosrovesenpcS DLNPING, STIFFNESS MATRICES § LSE .
c ENDIF
FF=FFYpPS RUENIITEY
FFPP=FFPP/R3 JFCJULLE.NN) 6O TO 555
FPP=FPP/ES ELSE
c ENOIF
CALL SUPFCHUTCM, TIM RLR,EP,EL,EF,1UC, AUC, AU, AJUC, AAUL , BAUC , AUM, ARU IFIKL.EN.§) THEN
L1H,A9UN  AUT , MY
uG=tH=yC 05=454¢S2+531/1551+5524583)
UCPO=AUC HEITEL1.510) OS
UCFC=RUC KL=KL 41
UCFO=URFO=NUC ‘ XL =X
UKPO =AU M ORRZDX /A
AUD=AUP=BUC TFCIN-2OKPALF) LEO.0) THEN
AUCPD=RAUC In=0
AUMPD=ALUH ELSE
BUCPO=AUCFO=2RUS In=g
BUAPH=AUYFO=ADUY ENDIF
ACFO=RUMFD=3WC G0 10 552
BN = DPUC ELSE
SA=SINIBE TA) €rOIF
C3=C031 9 Ta) CoeeoSOHE COFACTORS
0IS={RLRYUCI®CSI~HR*SSE PARTE=551°SH-CSI*CH*CY
OVHA=6. 2 IRHO* YOV} PARTIZ=CSI°S3
Conere

CressenseqOLVE FCR NS (STATIC TIP DEFLECTION)
c

IFIKL.EN.S) THEN

BHORMA = -C51°CA (1. ~A) ¢X SLR*C3I*SI-N ¢ I0$S]

PART3I=CE1CH-551%SH*(3

PARTAZ IFLFAUMI *CHIHRSH

PERYS = (RLFSUMI *SH-URCY

PARTE2CSIP5H+SSIvEH D
PARTT=R/VO{YL*SACCUs (2LRIUDI *SIT>SACHINFESHO SST*SALL I°PAFT )
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[

T CPOE=Y L *{HOLYFL¢NDZ*FZ I CIF L2 FP-UUPO® SH)

DICPO=12 . "OYNA® (AMASSY 04" (CPOL+CPO2¢ CPO3SCPOL) +CPCS)®FOCPOB) *DRR

CFP{=AUCPI*PARTL14UCPD SR CSIVFF ¢ERY (FLRAUCH®SITSHEFFPIFP
FYLR*3SI*SHOFFPSFPIE R S CRYSSI*CH FF FP-LR*BUC*CHUSO*CSI*FP

FeCH PakTLi*FFP*FP-[ RO SHOSATCSI FPFF

CFPu=ATL 0N PARTL*FFPYEP

CFPS=3 S HTSCRECIL 22 {FF CH-UNFD"SU) "FP*R/V

GZCFP=(OYAA®LAMASS*OHY ICFPL4CFP2ZICFP3) 4CFPLI 4CFP5) *DRK

D7CFF=DYHA® {AMASSYO4* {BUCF DY PALT11 *UCFO SBCSIYFFI )

O7CFF=(DICFFI3.*F1/7 V> (-RYUDFOSSHICU FFORI*{FF*CH-UNFI*SHI) *DRR

RetSOe3RsLSSIoCAl#42, 0 42R65n¥CO% {4 . -551 *SST = IRLRIUCTSSs15CB

CFOZ=(IFLFOUCH*CSI*CEI-HE*SSTI*CSE*CALERSSI®C3I*SBI*2UC

CFOI={AIZ-AI3)*UN*tSSI*CSI®CRAPC2ZHOSHO LR LIZSTI*CNI®22,-SSI*SSIND

CFOL=3.%tHOL*FL ¢HG22F21 % (FF*CH-UNFD* SH)

=z, *DYNA®(AMASS*OM® {CFOLYFFeCFC2I*FOSCFO3*FFP*FOI $CFOY ) *ORR

CAMEOCR O IE2*RY (CHL TATLL+CTASTALL2V4PL/8,*CROCROR PARTL 2 /V

2COP*FP*F ()R

INE-FSULFD S SHACHSFFSRY*(FL"TAILA 4G TAIL2Z ) *F 0COFK

DIECO=3.%{ (HGL*FL4H02°F21 *TATLL + (MO1 G +HO2°G21 T AILZ ) *FODRR

COD1=(IHEL*FL-HIE F2I* TATLI# (NDISFLeNELeFZI2TLILGLIPFOFD

CRDZ=( +4HEA*GL-HD2 62} *TATLS = (HDI*GI +uDL*GI I *TATL6Y *FDFO

07C0221.5*(CODA+COI2I*DRR

DZCN1=tPARTL FL-FARTZPF2ICTAILIHIPARTLOGL -PART24G214TAILS

D2CG1=1.5°07C01 *DIS*FO*DFK

D7¢D2=(PRATI*FA~PARTZ*FZI*TAILS~PARTL*GS~PART2°G2}*TAILE

DZCNE=1,.5°02CH2°0IS*FOORR

[
C*****STIFFNESS COF FFICIINTS MRTRIX

HLLP=AUCY §=CH*CSI®SA*FL+CSI®CAYFZ)
PPI=-€R'ER"CH'CV'(S“‘SEOISSI'CRI"Z.I-ICB'CR'(SSl'SN“'Z.'l
PP22vL ROEFSCSI®CEI* (E. *SSTPCATSHOCHISHOYSHI
PPYEFPURYSIVCEY L, ~SSI*SS IV sERY {HLR $UCH*S51°CSI®SB

PPlzwAUC* SUCTCSI*CST-AMUC® LIRLRAUCI*CSI*CSI-S3I°CST StUR CR-LR*SAID
PFS=GI*FFFYFPP .

PPEZI. * (~XTHLLP-WP2OFZ-HL2¥CFOCNATFP ) *(EL*FP~UNPD *SW)

PPT=3.° IHNO*SH*AUHONIUTISF{PFP*FP)

DZXPP= (NYRA® (AMASS*ON* 04 (IPPLIPPZIPPII*FPTFPIPPL) PRSI}
PPB=(ATZ-A1INPOM A4S ISSIPSH-CSIPCNICRI PV E*FP FP
PPI=(ALI2-A13)1° 00 CSI*CSE*SI*SI*FP FP

DIKPP=CIKPPHOYHA® IPPBIPPO)

OIKPP={D7KPPIPPOIPPTI*ORF
PFR=ERPCROSE*{CHPSH (1, ~STI*SSI) -SSI®CSI*CHI *FFP FP

PF22-L R*(CH*(SB LAY (SSICND 22, ) ¢SST*CSICCB *SHISFF FP
PFSzEFOUF ¢ {SNO (3B*S1+ES51¢CAN %2, )~CHSST*CSI*CI *FFPFP
PFh==t R*{PLR*UCI *(5ST1*CSI*CI*SH-CSI®CSI*CHITFFPOFP
PF5=-ﬂUC'EUC'CSI‘C;I-ABUf'llFlR‘UC)‘CSI‘CSI’SSI‘CSI"HR‘CE-ER‘SB"
PFB=-(ATZ-ATII®ONTINCSI*SBYPARTL2 FFPYFP

PFT==3," (WFLPFLIHF2°F2) *LEL* FP-UMPD* 5K}
PFB=3.°HHD*LAUMPDISHIUNPDECHFFPY

DIKFF=(DYNA® (AHASS® OH®D4% (PFLIPF2ePF 34PFLIPFG) +PF6) ¢PFT¢PFOIDRR
2EP3=3, %4 ~X HELP-UP2*F2) * {FF*CH-UHFD *SH) ¢3S *AUNFD NN *SH
ZFP1=2FPL-3.,*HEZ*CACCHACFPY{FFOCH-UMFE*SH)

OIKFP={DYMA® §AHASL O e CPF14PF2¢PF34PFLIPF5) +PFE) ¢7FPLI*ORR
TFFL=~{SP*SBeIC 351 2. ) *FF FF-CSI*CSI*AUC BUC
TFF2=~(URLROUCIPCSI*CST=SST CSL* (HR*CR-cF #3811 *NIUC

TFF3=(AT1~AT3) S0P *I4*C2H* (SSI*SST-1CSI®CRIC 2 ) FFP FFP
TFFLzU Y (AT4-AT31 AN 0N  SSTYCST*SHOCH CACFFPEFFP
IFFS=LI°FFPPOFFPP

TFFE=w3,* ((HF1*FLoUF2°F2) * {FFoCH-UNF D" SU) )

ZFFT=3. HNOS{SU FF*FFP4SKY QUUFNCUMFDSCUTFFO)

OIKFF=CYNA® (AHASS G AN L IFFLeTFF2I0IFFITFFLTFFS)
OIXFF={CIKFF+TFFECIFFT I *DRR

OPL=-HP2 FO*(FZ*TAILI#G2°TATLZY -HND®AUM CH*CSTI?SB°FO
OP1=0P3-(FU TAILI+GU TAIL2)'FO .

OP2==NY0® (AUHPCSTI*CA*FO-PARTLZ2*FPOFO L)

OP3 =(-R*HELP T AIL1-A*AUD Y (~CHICSI*SA¥GL+CSI*CAYG2I*TALL2)*FO
97K0PE3,3LoP140PE $IPIN S)FR

OF L=« (NF1*FLINF2*F21°TAIL1*FO-(NFL1*GLoNFZ 52} * TAIL2°FO

OF2=MND *CSI*SB {SH® (RLRIUH)*FFP-DUMCCH-RROCHY FFP-FF "SHI °FO
OF3=WND*E 1 PARTA*FFP FO-HTN* {WH CSI*CA-SSISFFI*FC

DIKOF=3.* (OF1VOFZ sOF 3} *DRR

2001= CICHISDOFL-CA*FE) *TATLI 4 (PARTE S FL+SSI®SB F2) *TAILLISFD*FD
20023 CHLCHOSBO BL-CAPC2IPTAILE-1PARTACCLISSISS o620 TLIL6VPFD*FD
0ZKDZ=4.547001 420020 % 03K

D2K04 = (PARTL FA-PART2*F2) TAILS (PARYL°G1-PAPT2*GZI*TAILS
DZKD1=1.5°07KDE *DI3*FI* QPR

D2KD2=IPARTL FA-FARTZ®F2) *TALLL=- IPARTL*GL-PARTZ*C2) *TAILG
07K0231.5°DIKDZ OIS FOYDFR

]
Ceesre FORCING FUNCTIONS

HPL=ER®EF* (SBCA*CH® 11, -SST"SSIN~SSI°CSI*SBOSUIFP

HP2=ERYNF * (CH® (SB*3A4(SSTI°CRI**2, ) 4SSISCSIYCA SHY *FP
HP3E-ERPIRLRIUCISISSIOCSTI*SHISSISCSTIPCR*CHI*FP

HPW=AUC® LIRLRAUC) *CSI*CSI~HR*SSI*CSICBERYSSI*CSI*5A)
HPS=LATZ-AL3)°OM OH CSI SR PARTL*FP

HPB=3 , *WNO*(EL*FP-UHPD*SH)

DZHP > {OYNACLANASS OHSOM® IHPL ¢HPZHHP I $HP L) sHPS) IHPE ) *C KR

HFL=HR® (SR*SBY (SSI®COY**Z. P IER®SA*CB* (1, ~55[°SSII - IRLKIUC) *SSE*CA
HF250UCP ELRLRIUCI *CSIPCST-HROSSIACSIPCRIER®SSIPCSL*SR)
HF3=0ATL=-AT3I 0N ON UISSI CSI*CA®CIHISHICH L LCSI*CBI**2,-S5K°SSI}
HF 4= <t I*FFPP*FFPP*OS

HFS2 3. CHNO®{FFPCW-UNFO *SW)

OZHF = (OYNA®LANASS OMPOHC INFL *FF 4HF2) tHF3*FFP ¢HF LY ¢HFS I OFF

DZHO= 3. ¢ CHNOPTATLI-HYO " TAIL2)°FO*DRR

T sssessss  FFFECT OF TOWE SHAOCW
.

DCNG == (HNC TAILIMTOCYAILSITFO¢OFP

DISMPL 2-UCPD® FARTLI tER*CH SA* IVL 4 IRLRIUCH*SSTIFP-ER*LROCH CST*FP
DZSHOP= LAMASS DISHPA-ATL*PARTI*FP) *FO*ORE/ZOVEL
DISHFL*-UCFO*PAKTLI ¢SA* YL (FLRYUC) *SSTI*FF-ER*CSI*FF
DISHMOF=LEHASS*DZSHFLEAT2*SSTPSIFFPI *FDYDRR/OVIL

DISMOL = {AMASS PALL*PALZ-A 12 PARTI2Z*PAFTI-£L2°CSI®SSI*SB s0) !
D2SHOD= (NZ5+01 ¢A13°PARTLYPARTEN *FOF C*CRF/IVEL

TSHDL = (YL CSI=-URCALER*S5AY ®* 24 (VL *SS T+ (RLReUCHI* 2

ZSHO2=~ IPARTAI® 24PAL2 % +PARTLL =2}
ISHOI=ATL*ISHESDI s 2eA T2 °CA COMATI®ICHSAI® 2

FSHDOL S LATASPRAT I 24A120 ISST*SIN Vo2 iR 137 PARTE 22}
DZSHO0=EANASS® (75101 ¢234D2 1 #2S"103 ¢ ZSHOU) "FDCFO*ORR/OVLL

25CPLE-CRYE2PROHT*FPE (CIE*TAILISCTATAILENICFO/Y
ISCP2=-PI/A *HICCFOCF CVFP*PARTI*FD

0SCOP=(ZSCPL¢ZISCP2) "DRA
25CP3=LtAUCOCST-CR* PARTG FPI *PAL24PALES LRUCSSST-I ROPAFT L FPI)
2SCPL=(AT3-AT2) *(3B*SHO(CSI*CSI~SSI*SSIN 42, *SST®CSI LM SReCBI*FP
ISCP5==ULLOI®LEL*FP -UHUPI*SH) *FO
DSCPD2*~WHOL*DIGS {1 *FP-UFP)*5HI *ORR
DSCPDL=(TSCPSION® {44532 ISCPRIZSCPL) *FD/OVEL D *ORA

DSCOF={KoUDFO O SH-CH FF*RI/V* (F1STATLIvGA*TAILSIFO*ab ¢
TSDF2:AMISSPOFP 1 (IUC CSE-SSICCASFFI*PALZ4PALL AU SSTeCSECASFFI)
ISOF3=~(A11-A13)%0M*CA*FFP

ISNFL=<MNRD3TA{FF*CH-UMFI*SHI *FOCDER

DSCFD2=~KNDL®DI3* tFFOCH-U»FI *SHE P IR
OSCFDL=7SDF4 ¢ (=2SDF 247 SOFXEFD*DRR/IVEL
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PART8=R/V*{YL®CI¢(RLF+UD)*SSI CAIMRCSTH
PLRYG=R/VI(YL*PAKTS s (RLRUDIICI*CHIHR SH CRIEI®SHOSA)
PAPT10=R/VLYL 55T*SAC{RLR VDI *SAY
PARF11=WF®*SA*CSIeE*CSIvCN

PARTY2=CS JoCHICSIv3UCA

PARTL3I=MF *SSI®500L°CR*SSI

TLEL= (YL *SH*SHO(RLR HIMI *SSTTSAYSH-WH *CH*SSI*SA-EL "PAFT6} *FFP
TLFE=TLF3-SH*SSI*SA*FF-JUHOSEI*SN~CH

PAL FLESUCI*CSI~-4R*SSI"CBeER®SSI*SH

PALZ=YL4LALFIUC) *S3EOMRICSI*CB-LR*SI'CST

TAILL= RLF oY) "CHOCSI®SO+WRPSHPCSIPSBeEL*PARTL 2

T2IL2= (RLFYUHI *CST* SR-HR*SS]
TEELI=YLOSBOCHE (RLRSUMI CSSTPSACCHeHR *SH*SSE*SD-E1 *PAKTS
TAYLL=YLOPASTOS (FLRWUM) *CASCHIURY SHO CB-L1 *SH* SR

TAILS = YL*CAC LRLRIUMY *SSIPCAsMRICST

T2IL6=YL*S31°SA (rLReUYI*SB

WT=CSI*SR*{1.-8) 4X* L(RLR¢UD) *CSI*CA-UR*SSI)

Wh=-PART1* (1, ~A)=X* LIRLR+UD} *CHOCST* SAIURSHSCSI*SA-EI*PARTL2Y
HE2=HN T HN ST+ T

PI=W 2*CRYCR

WHO= HLE¥ CNP T

FazCA®IZ. *CHOHNICNP WT)

F2=CR*{2.*CNHT -CHIP*UN}

61=CR* 12, *CO*HIACNP "HT)

GZ=CK* (5. "CI*UT-COP*HNY

FL=CRYMLZ CMFP

M 2°CTA*FP

HELPZ=AUD® {-CH*CSE® SO RLsCST CI* G2

HP2=X*E 3% PARTLI2°FP

HFL1=-PLETA2°CL. ~A) *FFP
“F12=X'l!LROUDD‘SN'CS[‘SR'FFP-K'SH'CSI'SB'fF-X‘HR‘C“'CSX’SS'FFP
WFL3=~XVY[ 3*PARTL FFP-X*UDOCULCSI*SH

WF 42HF 13 ¢HFL2¢WF LD

WF2=-X*(S31*FF-AUD*CSL*CAY

HCL=(CRLFEHUDI *CHOCSIPSAIUESHPICST*SA-F 3° (S I*SHITSTI*SHCOI V*ROFO/Y
WOZ = (WR®SSI+(RLRIUDI *CSI*CII *ROFO/V

WELT (YLPSAPCHe LIL S eUD) *3STUSBOCHAINRY SHPSSTESPBeEIPART 3N 'R/Y
HOZxR/7VE(YLYCASIFLRIUNISSSTCCHMURTCS T

MpI=R/ZVS EYLTESSToCA%CH#3HPCSTI 4 LRLRAUDI *CASCHERFS SHPCBIEI*SHTSB)
MOW=R/V* {YLOSSTYSA+IFLRHIDI 2S8Y

HNOY SPLET1FL-PLRT2*F2

HIN1=PART1*GL-PARY2*G2

MLDC=PAFTESF3455]~59%F2

WHDY=CHPSASFL-CATF2

WIDZ =PARTE-GL9SSI®3A%R2

HID2I=CN*SR*GL-CBC2

WHDD2 3 WOI*FL¢HDL F2

HNODI=HGL "FL-HD2°F2

HIDOZ=HDI*GL sNNLGZ

HYDDI=HG1*GL-ND2*h2

C*****FIND THt INTEGRAL COEFFICIENYS OF YAW AHD YAW CATE

[

w0

San=(1,5/P1)

DCYDA=L.*11,-2,%8)
0213=0CYICA*DIS*0D1S*DIS*IPR FAILCS]

IFLA,.LY.AC) GG ¥C 04

DIT1=4GLUART/ICYLEY° D711
ANZiZ=PARTISFL~PARTE FZIILI L PART S-PARTL*SSI38)
ANZL2= 4(PARTI*GL-PART2*G2) *IPARTS PARFI-PLRT4*PRRT 6
DZIZ=SAMS (ADIIZ+ROZTZYSDIS PR

ADZI3=(PARTASFL-PART2*F2)* (=L 1*SHOSHIPLRILICN)
BOZI3=~tPARTLI*G1-PART2*G2) *(PARTS SH S+PARTH"CH® $B)

O713=SAKY (AD213480213) *0IS 0P

DZI4=SAPO (CH SR FL-CUPF2)*(E1°PARTI-PARTL*551°SA) *FO°DRR
D2IS=SAHs WPARTE*FLeSSIoSROF2) ¥ (£1°SW?SB-PARTLCB) *FO*CRR
0216=¢SAMY{CH*SO* KL ~CA*GE) * I PARTS*PAPTI-PARTU*PART6) *FD DR
D217 =+SAMY {PARTE*GHISSI*SO*62) *LPART 4*CH® SPPARTS5 *SH"59) *FD*DRR
DZ182SAN® IPART7*F1-PLARTI*FZIC(EL*PART3-PAKT4*S5I*5SBI°FO*OKR
D719=-SAM* (PARTI*FL¢PARTA0®FZ)* (PART&*CR-L1*SHYSII*FD*DKF
DIT10=¢SAM* (PARTT*GICPARTO*G2)* (PARTS*PARTI-PART4*PART6 ) *FODiA
DIRLL= 43R IPARTOSGLIPAREL0°G2I S {PARTL CHSBPARISOSH*SBISFOYOKE
DI 42=SAMY(CHESRYFI-CN*FZI P (EL1*SH*SA-PARILOCA) *FOORK

DII43=SAMT {PARTO*FLeSSISR*F21*(-L1°PARTZ+PARTLSST *S8) *FO*DRR
DZI16=¢3AP*(CHYSB*G1-CA*G21* (PARTS SHOSO+PARTLCH *SB) *FI*0RK
D2185=~SA* (PARTE*GL1eSSI*SD® 21 * CPARTS*PART J~PART W *PART6) *FOTORK
D21163SAMC(PARTZ*FL~PARTA®F2I*1E1°SHISA-PAKTL*CS) *FD DRR
DIEAT=<SAFHIFLRTI*FRIPAITAQOF2I S AL AOPARTI-PARTL*SSTI*SB) *FO*DRK
07518=¢SAF*(PARI? GL-PARTA®G2)* IPART5*SH SHEPARTH*CUED) *FO*DRK
02119=~SAF*(PARTOSGE+PARTA0°C2) * (PARTS*PAFTI-2ARTE *PLRT4)*FO*ORK

CovvesHASS MATRIX

AVEL=G 5 RHO° Vo U

DYN& = (3. /0VELY

DIMPPL 4 (UCPDAUCPL <2, *UCPOSER SHIFPIL RPERSFIVFPISAHASS sATLSFPOFP
D2MPP=OYNATDZHPPY*ORK

OIHFF=0YHA* {AMASS* LUCFD UCFO+FF*FFISAT2*FFP*FFO) *DRR

04 = (WROHK® (SO*SAH{3SI"CAI® 2. I 4ER SE*LCI®CBIISSI®SBI®*2.1)

025 LRLRUCI®*2,4CSI*CST+2.* (RLRIUC)*SSTI*CSI® LERSA- MR *C A

0322, *WR*ER*SA®CB*CSI*CS]

OL=ATL S ISSIPCHCSTIPCASUIO#2 ,dATZ¥CS R CEL*Sa°3+A I3%PRARTI "2,
DIH00=DYNA*1AMASS® {01+02403) $04) *FO*FOORK

0DL=2.9YLOYLOL, "YLOHR®CSI*CO¢L. *YL* (RLRAUC) *SST-h . *YL *£R*CSI*SA
DC2=HR*UF # (4, $(CST*CRI ¥ P2, DAL ROEP (1, ¢ (SR IS11°92,}

0D3= (RLRIAUCI®*2, 2111 4SS1°SSII-2. *LR*HR*SB*CO* (4, -SSI*SS T

OOL=2. *4RLREUCH*KESSST*CST*CH-2. *IRLRIUCI*ER*SSI®(S1*SB
DOSEACSTPCHIOO 2, FISSIOSHECAI P42 8UoSHI62,-2.85S T ST SHCU Cn
006=( (SSI*Sa)**2.420°CAI *AT2 .

007=1CSI5MI* 72, ¢4SSI CH LI *o2, 4 ICH SBI Y 2. 42, *5H (N S51°CSI*CB
D24DO=0YHAY {AHASS* LO0A 4002 +6D3+0DLY # AT1° 0054006421 I*DL7I *FD*FO DR
D2ZHPF =DYRA*ANASS* (UCPD*ULF D-UCF O ER* SH FPIZROCHAFF*FPI*0RR
POL=PART A1 *(-UCPDIER*SH*FP) sERPCH® LERLPSUCISCSTVS DS *SSTIFP
PO2=AILSISSIPCHICSIPCO®SH) *FP

DIHPO=DYNA® {ANLSSE®P 01 ¢PO2) *FO DRR
ZFOL5-UCFOOPAPTLL ¢ ((FLRIUCI*SRPCSTIL RYSSTIVFF
W022A12°CSI°CIFFP ‘
DZHFO=DVNA®LANASS ZFOL4 ZFO021 *FOCDFR

[
COe*s*piHPTHG COEFFICTENFS MATKIX
[

CPPY=AUCPD PARTLS sUCPO EF CSI®CHSO® FP-AUCTER*CH*SB CSI*FP
CPP2==EF*NR*SSI*FP*FP+ER® (IRLRIUCH *CAPCSIFPoFP

CPPI=x3  "HT*CRYFPOICHACEZ* (Z1 ¥ FP-UHPO*SHY ¢PL/B *CRoCR*FI 7V
0ICPP = LDYMAY (AMASSPOH® (CPPLICPPZ ) VPRI *OFR
CFFL=AUCFCOPARTLS +UCFD*ZFCSIOSACCUCFPe{ ROSB°SHCSIFFeFP
CPF2=ERCIRLRAUCI *SHSATCST FFPEFReER*LESSI®SHIFFPOFP
CPF3==E FeCH*PAZTLIYFFPOFP

CPFLz{ALI2=-AISV*OM PARTL*FFP FP

CPF5=3.*F1/V° (~FPUDFN*SHICHEFFoP) > (L L *FP -UNPQ S H)
DICPF=(CYMASLRHASS*OM® (CPFLVCPF24CPF I =CPFY) $CPFS) SOFK
CPOL=ERPFPOISSTIPCSI®SA*IN-SAICASCUI (], ~SST*SSTI IS FP
CFO2=-ERSHR*ICH  (SA*SNI(SS1°CAN**Z ) 4SSI*CSITCI*SHIFP
CPOS=ER® {RLP2¢UCI*{C3I*CSISHeSSI CSI*CB CHI*FP

CPOL 2 UC* LIRLEAUCI*CSI®CE [-MF SSI CS I CAst RO SSICCSI*SPY
CPOS=-{A12-AT3B*CH P CSI*SROPAPTLAFF

002



DSCDO=z= (HOL*FL4HO2"F2 1 *TAIL IV INOL *GLeHOZ G2 ) *TATLSI*FDTORR .
2002%= 1(HR*SNeLhe3a)* YL ¢ (HR?CI-CkPSBI*PART LS+ ERLEAUC) *PARTLI) *FO
DSCO3=CtATL-RATI3)*(SH CH SRP3SE-CMPCHOCSTI®SACAI-AT2°CSLSN*CA) *FO
0SCO4== IKNDDI* T ILIPHTDOI*TATL2) *FO*FC OPR

DSCOGZ=~CHND1* TATLL iWTOL TAIL21 #0157 FOTIRE

0SCODL=D5C L (ANASS®DSCOZ +0SCO3 ) *UH*FOTIRF/QVEL

0S001=4~HH0DZ* TAILL 4HNIDI*TATLISHTDO2  TATLS ¢ HTODI*FAILS) *FD FOORR
DS02J=IHNCL*TAILI4WTOL *TAILSIYFODIS DRR

DSODK= (WHBL*TAILL-WIDL*TASLEY SIS FO*ORE

DSKPL = (W1 0*LLLSPARFI*FOHAUASSST*CAN $HNOSEUNPSST*SR*CHI*FOCDRR
DSKPL = L{NP2 FZ X HELPSFud *TATLY+ {MP2¥GR 4R *HELF24G L) *TAILE) *FOCORR
DSKP2=CSKP2eHi 2*CKY FP* {ICHASTATL3+CTACTAILS) *FDPDKR
0SKDBP=CSKFL40SKPE

OSKF1={-HNG*TLFL4HT0*3U4*SSI*CA) *FOS DK
DEKFZ={ENFL*FLeUF2 FE) YTATL IS tHFL " GAONF2 G2 *TALLS I *FO*OKR
OSKCF=CSKFLeOSKFE

DSKOO={~HAD*TATLL+HTE TAILEY *FOCDRK
DSKO1={~HND2*TATL=¢ WNO3*TATLI4+HTO2 TATLOE+HTOI*TAILS1*FOCFOORR
DSKDJI=INNDI*FATL3sRTUL*TATLS ) *O1S*FO°ORR
DSKCK=(UNDLSTAILL-HTOL*TAILE) *DIS FOOPK
DEKPCE=-WNDI* (1 *F2-UHPD*SH} "FO*DRR

DSKPDZ =-HNDL*DIS* (Z1°FP-UNPD*SH) *DRR

DSKFOL2~HADY® (FFYCH-UNFD*SHI *FDOPR

BSKFD2=- K31 *DIS® (FFPCH-UNFD YSH) *DRK

DSKODS =~ (RNIL*TALLY +WTO1°FAILZ) *FO*F O*0ORK
DSKODZ=~{HNIL *TATLL ¢HTDL TAILY *DIS® FOYOKF

1143=2113¢FcBLDIN Y
2146 =2T14¢FEBIDZ11 4D
TI45=T115¢FLO{D2]LI5)
1116=2116¢FEB* (D116}
ir=214rireas oz1a7d
2148=2518¢FcN*(D21LI0)
TI43=2F49+FEB* (D211
2HPP=THPP ¢FEB* DIMPP)
INPF=IHPF +FERT (DIWPF)
IMPO=ZHPOFEB® {D24P0)
IHFF = 2HEF iFL B {O2HFF)
ZMDO=T1O0 +FE 8 LD2MIO0Y
IHDO=ZHDD+FEB® LCZMDDY
INFO=ZPFFOVWEB® IDIFO)
ICPP=ICPP¢FER* IDICPP)
ICPF=ICPFIFED® {DICPF)
2CPOE2CPOIFEHID2CACH
ICFPsICFP+FLPA® |DICFP)
2CFF=TCFF ¢FEB* LDICFF)
2CFO=ICFO+FEB® (DICF O)
ICO0P=ICOP+FEB* {DICOPY
ICOF=2COF +¢EB* {DICOF)
1C00#2CODFER* (D2CI0Y
2COT=ICO2+FZR*ID2CITY
I1C0422C04 +FEB® {DZCOL)
2C02+2CD2+FEB*(02CI2)
IKPP=ZKPP¢FEDR® (D2XPP)
IXKPF=IKPF ¢FEB* {CIKPF)

coveey IKFPE 2KFP AFEBY LOZKFPY
gereveer GRAVITY TERMS IXFF»IKFFAFEB® (OIXFF)
c...l.

DENCOS=ANASS*GR® 4 LUCPN-ER®SHOFPY *CSI-ER*SSI®CN®CHOFP) *DRR/AWAL
DGNSTH=-alASSYGRPEIPCH SBYORR/AVEL

OrPCOS=EMASS *GRY (RUCPO*CSI-ER¥SSI*SB*FP*FP) *OFR/QVEL
DEPSIN=2H23S*LROLR*CAFPSFPYDRRIQVEL
DFFCOS=LHASS'GR‘I(BUCPO-ER‘C“'FP'fFPi‘CSIGER’SSI'CB’SN'FP'FFP"DRH
DEFCCS=N6FCOS/OVEL

DCFSINZANASSY AROEPSHY SIFPFFP DRR/ OVFL

DEOCOS=-£ MASS GRYERSCHPISBYFP FOCDRR/ OVEL

DGOS IH=ARASSPGR® LER*SST#CRPCHYFP-UCPO*CSTI*FO*ORR/QVEL
TFAIV.EN.4) THEN

FLB8=9./8,

IFCL.CO.3.ORIEO LY FEI=T./8,

IFIT.GE.LY IM=0

ELSE

FER=2,/2.

IFINTESTL.EAN.C) FIN=6G./3,
IFUIEC.4.0RTLEQ.NHY FEiA=1./3.
ENDIF

Co***eSTAFT THE SIFPSOh IHTEGRATION

I1L=213+FEDB CIIL
212=2J24FEQ°(D21Z)
T13=713+FcALOZI3)
TIW=214FEQLD7 14D
7)15=215+FEB*LO715)
TI6=7 16 +FENIDTILY
LIT=717+FEB(DIITH
TIA=2T184FZB*1D718}
719=719¢F:c3*1D219)
TI40=7I4D4FER*INTIL0N
T144=22134 ¢FEB®(D2i11)
TI12=TT4Z¢FF A ACZILR)

KDY =2IKDZ 4FEB* {DIXITH
1KQP=IKOP¢FEQ® D IKOP
Ir.OF = 2KOF ¢ FER® D 7XOF
2KD1=ZKDL ¢FEB® (DIXDL)
2KD2=2K0Z WFL B8 IDZKD2)
IHP=TIHPFEB*IDZNP)
IHF=ZHF +FEB*LDZHF)
CNo=CNO+FFB°0C0
SHOP=SHCP+FL 9*DISHIP
SHOF=SMOF +FEB® DZS'IF
SHDO=SHIOFEB*D2S:430
SHOD=SHDO+FE 9" 025410
SCOP=SCDP+FEA®D5CDP
SCOF=SCOF yFEB* DSCOF
SCDO=SCOO+FEA*DSCDI
SC01=SCDY tFLB” DSDOL
SCLOJI=SCDJ4FIP*0SDD)
SCDX=SCDK+FEI*0SDOK
SKDP=SKDP¥FEB*DSKL?
SKDF=SKDF ¢FL B° D 3KIF
Sk0C=SKDC+FER*0SKI)
$KD1 3SKD1 ¢FEB*OSKDL
SKOJ=SKDJI#FF 8°0SKD)
SKOK=SKDK+FE 8*0SKDK
SCPOL=SCPOL+FEI*LSTPM
SCPD2=SCPI2¢FEA*LSCPO2
SCFD1=SCFOL+FFI°CSCFOYL
SCFDZ=SCFD2VFEI*OSCFD2
SCOD1=SCTDL¢FEA*D5CI01
SCO02=SCOD24¢FE ¥ LSCOC2
SKPD1=SKPLL+FEA°LSKPM
SXPD2=SKPL2+FI N*DSCPD2
SXFDL=SKFLL+FLI*NLSCFDL
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SKFD2Z=SKF[2+FE B LSXFNZ HRITE (1.040200 18

SK001=SKCCAFI AYESKODY . NEITE (1,509 CP,CT
5K0D02=5KGL24FL I°LECAD2 WEITE (4 ,£05)
GNCGS=GHCCS +FED®BENCOS WRITE (3,405 THPF 2 HPF o 21 04 THFF , ZHF 0, MO0, 7THOD
GLSTN=GHE THFE I?LONSIN HELTE (41,5960
GPCIS=GFCOS+FL V1 DHPCOS WRITE 42,4660 7CPP,ZCPF,2CPG, 2CFP,ZCFF,7CFO, 2CGP,ZCOF, 2C00,ICOD
GPSIN=GPSINYFE@*LGPSIN WRITE t4.507)
GFCOS=GFCCS+FLBYDEFCOS WEITE (1 .405) IXPP,ZXPF,ZKFP, ZKFF 4 7KOP, ZKOF ,2KD9
GFSIN=GFSIN+FLALGFSIN HELEE (1,508)
66CHS =6ECCS +FF A*CHICOS WRETE {1,408} ZHP ZHF
GuS INSGETINSFE A 0GOS IN HERITE 43,4078 SKOCL, 5J0¢L.SKROEL ,SJROEL
7HO=7HO+FEB*LDZHOY WRITE 11,5430 B
o HRITE 2.5 349 GHCOS.GNSINGGPCOS GPSIN,GFCOS,GFSINGGOCOS,GOSIN
IF (ZUPP.LRLLHY) GO TO &3 HELTE (545150 SHOP.SMOF,5HDO, SHOO
IF(RLRLERLRHR) GC 10 654 WRETE (4,516) SCOP.3COF,SCDO,SCO0
IFLKX,LT,5) GO T0 43 HEETE 1445470 SKDP,3X0F,SKDO, SXOD
554 NFIIEl!-HIFL"..AQDPMI.DDLI.DAL.CL.CB.RCRQCPQ.UB WFETE41,314) ScPD.SCFD.3COO0
KK=C WRITE (4,382% SXPC,SKFD,SX0D
43 CONT INVE WFLTELL,.540) COO
KK=KKe]
XL=XL-DX DFR=0) /X
RLR=XL /X X=X+ 0BX
=141 ’ IFIR,GT.XPAYY GO TO L8
IFAFLR LY GRHED THIN 6o to 27
RLR=FHR 4 CENT INVE
XL=RHE®Y PFINT &
DRR= tTNUK-HUM) *OFR READS 4 CANSR
ELSE IF(DANSR.KE.1HY) GO ¥0 300
ENOLF PRINT &
IFUI.LE. MY GO TC 555 READ® ,PICH
c G0 10 200
CO*esesCALCULATT THL YAW AND YAW PATE VAKIATION c PO P T e Y P T T R R L LR R AL A A A A
c [3
IFARLRGEN.A.) THEN [ FORMAT STATEHENTS
SKDIL=SJDEL=SKROLL=5JRDEL =8, e
ll.S(‘ c o0 YT IR rrrrry e r e T R N R R A L R R A I A L A
4] DLNU= ¢ 214 -2E3B 2oL 12212 1 FOPMAY FORCES INPUT SEOUENCE')
SKIEL= (07561250216 217) 4 ZE4-7130-2 125 (TIA20 7134214007515 1) /0ERC 2 FCRMAT(® WRITE 3,8ZRR,E4,DRRyAHIN,XHAX,08)°)
SJDEL=(HZTL+216 67164207157 1244701-ZEINAT1420 TT3¢T1144 714513 /0ENC 6% FORMAT(® WRITE ALL,AST,SI.PITCH,BSTA FOOT,DIETA")
SJDCL=-SJLEL 66 FCRMAT§* WRITE RY.OCHDRCeRHY
SKROEL=(7184719¢71094715201%1 7017130 3 FORMAT{*® WRITE CD ZCRO, CL MAV, CL FLAT, ALPHA JREAK®H -
SKPDEL 3 (SKRIEL=212° (ZL16 47T T+ 2T 8471391 /02 HO [N FORMAT (*CC YOU WANT ANOVHER PITCHM ANGLE? (YD *)
SURDEL=17184219¢2100+7T440 4212 S FCRHAT {AL)
SURDEL=~45JF DELS 471 1=71Y)* (2116 ¢714747118+711999/0CNO 6 FORHAT (*INPUT PITCH ANGLE®)
ENOIF ) 8 FORMATULEX,*AEROUYNAHIC DATA®//,6X,*CLH® (€€, "CLFL® 87 "1 4R, "AST®
2C20=2CD2 +SIRDEL® 7C01 ~ SKFDEL *7C02 LeTKa"ABR® 4N, *ALL TN, °CLO°/7FA0, 2/}
ZKDO=2KDZ $SJDEL® Z¥IL-SKDEL*TKD2 9 FORMAT L4SX, *OPERSTIONAL VARIAPLES®//S4, "D HIN® 46¥ o *XAAX ¢7X o POR s
SCDD=5C04 ¢SIRDEL *SC D¢ SKFOEL *SCOK 18%,°S1°/4F10.3/)
SKDD=SKD4 +SIOEL® SKDIJESKDE L * SKDK 19 FORAAT 145¥%,*PHYSICAL AIRFOIL DATAS// TX,* 0% 74, ACRR® ,6X, OCND®
SCPD=SCPDY+3IFDELSCPIZ Ba?X e "RT® 40X "RC* o8¢, *RH" ¢ BX s *BRT* (6X o 0BTA /787 10,37}
SCFO=SCFO1+SIROLL*3CFO2 60 FURMAT 1// 47258, F¢36EAY OPESATING CONOITIONS /)
SC00=SCODY +SIRDEL*SCO02 20 FONATL/7725%, *PHOGRAN FURCES OUTPUT AT PITCH =°,F7.3,° GEGRLES®
SKPD=SKPO1+SIO0EL®5KPD2 15 FORMAT U//77 46X 4"PC* JAX, "A® (8K PHT® J6X, *ALTA®,
SKFD=SKFQ1#SIDELSSKFD2 26X, CALPHAS J 7R *CL g 7R *CO® , TX4*3CR G TX,CPR® (TX,"CTN% )
SK00=5K0NB1 ¢ SIDILYSKANZ 16 FORMAT (2F30.4,6F10, 245X ,2°9,5)
[ 100 FORUAT (/7,55 TH1S SUN USED® +F.3.3X,"SECCNDS®)
CesevsesCGREFCT ION FOR HASS COFF. DUZ TO YOWR SHADOW SO 1T IS IN W07  FORMAT 1/, 3%, *SKDTL® (42X, *SIDEL® 42X, *SKRO®L® 412X, *SIF0eL "/
CesvesveFORH OF tH1J-NIJS) 1613X,6124€3)
SH)P=-5HDP 485  FORMAT (71(3¥,612.6))
SMDF=-SMOF Wi6  FORMATLICI1Y,F12, £
SHDD=~SHOD 408  FORMAT (3€4X,612.61)
SHPD==-SMDD 482  FORMATRLI,* B = *,I3,* M4 = %, 101
WETTE UL, 7O0VLF W ERLE2.F 34 RELAG BOE  FGRMAT 0// hX, *HPP* o 12X, "HPF* o427, *4P0* 412y *HFF* 12X, “HFG® 12X

c0e



506
sa7

508
589
510
513

514
585

516
517
5i's
M4

32
14 14

1,°M00° 41244 "HLD" Y

FORPAT 177 16Xy CPF g 11X, "CPF® 411Xy "CPO® 11X, *CFP*, 14X, *CFF* 411K,
1°CFO° 410X, "C0P* 4110, *COF*411X,4°COC* 411X, °CDO")

FORAAT 147 460, KPP* y 128 ¢ KPF® o12% , "KFP* (12X *KFF* 412Xy "KOP* 4 32Ky
1°KOF * 412X, *X00*)

FORMAT 17/ 46X o "HA® 412X ¢ "HF * 4 12X 4 "HO*)

FCRMAT /4345 CP=  *(FL10.5,8%," CT=  *(F1G.5)

FORMAT 1/,4%,* A5 = °*,612.6)

FORMAT 77 42X o "GHCOS * 43Xy *GNSIN® 49X, * RPCOS* 49X+ *GPSIN® 49X+ *GFCIS*
195, *GFSIN® 49X, *GLCISZ®, IN, *GOSIN®Y

FORMAT (811X4612.6H)

FORAAT (74 4Ry"SHOP = *y 61246, SHDF = *4G32,5," SHOO = *,G12.6,°
1SHOD = *4F12,€)

FORMAT (/44X ,*SCOP = *,632.6,* SCOF = “,G12.6¢* SCDO = *,612.64°
1SC00 = *,G12,6}

FORMAT (/44X 4*SKOP = *46G12.6,° SKDF = *4612.6,° SKDO = °¢612.64°
1SKDO = *,6a2.6)

FORMLT 474X ,°CO0 = *G12.6)

FORUAT (/746X °3CP0 = *4G1Z.64° SCFD = *4612.8+" SCOD = °,612.6)
FORMAT §/ 24X ¢ *SKPD = *yGL2464y° SKFD = *4612.64* SKCO = *,612.6)
FORMAT A/, 8K ® ER® oI E1°, 3¢, SE2° 9N, "E3° I "AE® ,9K, *AG*
17,2%,016124€4203)

300 TIHOUT=SECONCII-FININ

WEITE 11,1000 TInMOUT

stop 10
CND .

SURFOUTINE SUMRON (T OH TIM RLREREL €3 ,UC AUC,3UC 1 AAUC, ABUC ,BSUC,A

1UM, 8AUM, AEUS, AUD, MY

CONNOH Ly FoRS ' -
CLHMON /STIFF/ EI,EIC+GI46J0,RHR,AS

UC=AUC=AAUC=APUCZRIUC=AUNE AAUM= AUN=AUD=0 .

ALOW=AHF
AHIGH= (FLS-RHR)/7FS
H=H

DFS= LAHIGH-ALONE/N
GiS3=0FS/3,
RLS=ALCW

K=the 3

€C 10 I=1.X
INALF=1/2
TTEST=1-2° IHALF

IP=kLS

IP2=7P°2P

IPp3=7P2°1P

I1PL= 73020
FF36,°2P2-4, "IP3 1Pl
FFP=12,%2P-12.%IPZ+4,%1P3
FFPP212.-20.°7P¢12,%2P2
FP=2,°2P-7pP2

FPP=2,%(L,-7P)

WREFF*QS*KS

WP=FFF*0S

WFP=FFPP*NS

CH=CNS (WP)

SH=SINIWPY

DUC==0.5°HPPHPP RS
TOMO=TOMILR,CH SH,F P FRP, HOP)
TOHE=TOMLEL (CH SHF P FPP UPOY
EE3=-L3
TOMI=TOMLEES JCHL SW,FPy FRPy HPPY

DAUC=~HP*1OHD
OAUNT~WP*T 4L
DAUD =~ NP*TON3
DEAUC=-TOFE* TOMO /1S
DAAUH=<TCHi*TOMi/RS

TIHG=TINIER,CH,SHLFPLFPP,HPP,FFP, FFPP)
TIML=TIMIEL oCH SH FP FPPHPPFFP,FFPPI

OABUCEHP*TIHO-FFP*I OHD
DAAUN=HP* T INL-FFP T OML
DBBUC==FFF*FFP RS

FEB:=2.

IFCITESTLE0.0) FEOzh,
1FLI.€0.4.0R.1,E0.K) FER=1,
UC=CSFEB*DUC*DRSI
AUC=AUCHFEB*DAUCTDRSI
AUN=AUNGFEB®DAUMTORS3
AUD=AUD4FEBYDAUD*NRSY
AAUC=AAUC ¢FER*DAAUC*ORSY
ARUM=AAUMAFEB*DAALYNTORSS
ABUC=ARUC¢FEB* DABUC*DRSS
ABUN=ABUHFEDB® DABUY® DRSS
BRUC=ABUCHFEB*DIBUC* DRSS
BUC:BAUC®0S

RLS=RLSDRS

CONT INUE

RETUPN

END

FUNCTION TOMUA 4BeCofl4EF)
COMMON L, K RS
TOM=A*BTE-A*C°F*D

RLTURN

END

FUNCTION TEMIA,B,CeD EFeGyH
COMHON Lo FeRS
TIHSASCOE PG UASFIBITIGIARCIOSH
RETURN

END
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AERO's OQutput

PROGRAN QPERATING CONOITIONS

PHYSICAL AJIRFOIL DATA

8 BCRR 0CHNOD RT RC RH
. Y.000 .259 «00% B340 “.29% . 840

AERODVNANIGC OATA

cn CLFL L ASY ABR ALD
1.358 1.000 + 890 45.000 15.008 ho200

OPERATIONAL VARIABLES

XHIN ARAX ORR s1
5.000 8.000 «0t8 0.000

8RY
$.000

(41
014

PROGRAM FORCES OUTPUT AY PITCH = 0.000 OEGREES

as = «1848¢HE~D2 CPA = 340291
PCR A PNl BEYA ALPHA cL
%9500 +54 9% S.416 1.229 4,187 + 816
9000 «4361 T.142 1.459 5,684 +960
8500 +3853 8.230 1.688 b.542 1.042
3000 23594 9.103 1.917 7.185 1,104
<7500 11N 9.916 2.147 Y, 7€7 1.160
L7000 #3354 10.754 2.376 8.375 t.217
26500 $3288 11,670 2.606 3. 064 1.283
26000 3323 12,911 2.815 10.07% 1.350
5508 2725 142819 3.064 11,754 1.350
5000 J1624 18.524 3,294 15.230 1.000
o500 JAas2 20,803 3,523 17,279 1.040
s4000 1291 23.5%0 3.752 19,111 1.030
«3500 w1141 26,869 3.982 22.867 1.000
» 3000 <1002 30.954 ‘211 26,747 1.000
2500 L84 16,832 LY 1,691 1.000
«2008 0708 “2.739 “.670 38.069 1.000
1500 0645 51,282 4,899 46,383 <976
1280 #0556 55.866 s.008 50.866 + 893
£R K &2 E3 AE
+5613836-02 24594 TE-01 2159t TE-040,
N = a8 LLBE S )
cPs +33989 cYs Jrz2rar
HeP HPF HWFF
+357624LE-04 «651147E-0) «144155€~04 «21 9368

cep CPF cpo CFP
¢536570£-02 L T7833358-03 «,295227E-02 L199193E-01 2.32045

KPP KPF KFP KFF
86.3678 «603835 -16.2901 1846, 61

WP HF HO
«3NTTIE-01 “s1337026-04 +S35871E-01

<o
.018
£021
024
<026
028
L339
033
037
N Y
<149
498
270
R 13
505
sl
J703
1.038
1.157

AG
«184000E* 07 2108900,

RFO
«368113€E-02

~.261565

KOP
«49021E€~04

DHTA

4.000

acR [} cTa
236 o LOGG2 01364
260 006384 01498
rivy <0076t 04487
248 L6773 « 01424
252 00753 #013418
256 «00718 «01254
+259 00626 01152
+259 0628 «81051
259 « 00560 «00834
259 . 00362 00669
«253 » DO 19U 404489
<259 00125 «00%09
» 259 00067 NTEILY
.259 « 00032 00248
250 .oauel 002190
+259 «00016 00437
259 «000314 «00171
.259 +00006 «00157

Koo HOD
«522231€-01 «100066

cop CoOF coo
«3LG5&JE-03 L IT726E~01 - WSeBIHE-02 . 144960

KOF K00
-:166985 2 8U3421E-02

cop

¥02



SKDEL SJOEL SKRDEL SJROEL
-.0280080E-02 ~e184270 -+135561 “aL7 €343E-01

KoL = «002750 IKDR = «006862 IKOM = 000141

CNCOS GNSIN GPCOS GPSIN GFCOS GFSIN 60C0S GOSIN
“.B6QL16E-05 -, 889352E-06 -, A6257SE-05 665593603 ~. LE53ITE-02 LO841153E-06 -, L24974E-04 ,320925E<05
SHOP = 43004 7E~D4 SHDF » = 44LT942E~03 SHOO s =,105546E~01 SHOD 3 -,172469~01

SCOP » -,11J900E-03 SCOF = -,537733E-02 SCO0 = , 295652603 SC00 = «,757443€~-01

SKDP = ,202176E-01 SKOF = -,106168€-02 SKDO » ~,536E648 SKOD = ,48T7995E-02
SCPD = ,230411E-02 SCFO = ~,535418 SCOD = -,376797
SKPD = ,280202£-02 SXFD = ,166275 SKOD = ,234246E-01

CaN v -, 2JSuS3E-01

60¢



